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Abstract
Visible Light Communications (VLCs) have been identified as a potential solution for
mitigating the looming Radio Frequency (RF) spectrum crisis. Having the ability to
provide illumination and communication at the same time, this technology has been
considered as one of the most promising communication technologies for future wireless
networks. VLCs are a viable candidate for short-range indoor applications with very
high data rates. In terms of outdoor applications, Vehicular VLCs (VVLCs) play an
important role in vehicular ad hoc networks and Intelligent Transportation Systems
(ITS). Adopting visible light in vehicular networks offers a great potential to enhance
road safety and traffic efficiency towards accident-free driving. For the sake of VLC
system design and performance evaluation, it is indispensable to develop accurate,
efficient, and flexible channel models, which can fully reflect the characteristics of
VLC channels.
In this thesis, we first give a comprehensive and up-to-date literature review of the
most important indoor Optical Wireless Communications (OWCs) measurement cam-
paigns and channel models, primarily for Wireless Infrared Communications (WIRCs)
and VLCs. Consequently, we can identify that an appropriate channel model for VLC
systems is currently missing in the literature. This Ph.D. project is therefore de-
voted to the modelling of VLC channels for both indoor and outdoor communication
systems.
Second, a new Two-Dimensional (2D) stationary Field of View (FoV) one-ring Regular-
Shape Geometry Based Stochastic Model (RS-GBSM) for VLC Single-Input Single-
Output (SISO) channels is proposed. The proposed model considers the Line-of-Sight
(LoS) and Single-Bounce (SB) components. VLC channel characteristics are analysed
based on different positions of the Photodetector (PD) and FoV constraint.
Third, we propose a new 2D stationary multiple-bounce RS-GBSM for VLC SISO
channels. The proposed model employs a combined two-ring and confocal ellipse
model. This model is sufficiently generic and adaptable to a variety of indoor scenarios
since the received signal is constructed as the summation of the LoS, SB, Double-
Bounce (DB), and Triple-Bounce (TB) rays with different powers.
Fourth, a new 2D mobile RS-GBSM for vehicular VLC SISO channels is proposed.
The proposed model combines a two-ring model and a confocal ellipse model, and
considers SB and DB components in addition to LoS component. Unlike conventional
models, the proposed model considers the light that is reflected off moving vehicles
around the Transmitter (Tx) and Receiver (Rx), as well as the light that is reflected
off the stationary roadside environments. Vehicular VLC channel characteristics are
analysed along different distance ranges between 0 and 70 m and different PD heights.
Fifth, we propose a novel Three-Dimensional (3D) mobile RS-GBSM for vehicular
VLC Multiple-Input Single-Output (MISO) channels. The proposed model combines
two-sphere and elliptic-cylinder models. Both the LoS component and SB compo-
nents, which are reflected off moving vehicles and stationary roadside environments,
are considered. The proposed 3D RS-GBSM has the ability to study the impact of
the vehicular traffic density on the received power and jointly considers the azimuth
and elevation angles by using the von Mises-Fisher (VMF) distribution.
In summary, this work proposes new realistic VLC channel models which are useful for
the design, test, and performance evaluation of advanced indoor and outdoor VLC
systems. Furthermore, it identifies important directions that can be considered in
future research, and helps propose new applications that require the development of
more realistic channel models before the actual implementation.
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Chapter 1
Introduction
1.1 Background
1.1.1 The Next Generation of Wireless Communication Sys-
tems
With the increasing popularity and the use of smart devices such as smartphones,
laptops, and tablets, the wireless data traffic of mobile devices is growing exponen-
tially. There have been many independent warnings of a looming “Radio Frequency
(RF) spectrum crisis” as mobile data demands continue to increase, while the net-
work spectral efficiency saturates [1]. Therefore, researchers have started to focus
on the Fifth Generation (5G) wireless systems that are expected to be standardised
around 2020 [2]. Compared to the current Fourth Generation (4G) Long-Term Evo-
lution (LTE)/LTE-Advanced (LTE-A) wireless communication networks, 5G wireless
communication networks are expected to achieve 1000 times the system capacity [3].
Also, 5G networks should achieve 10 times spectral efficiency with respect to 4G LTE-
A and 10 to 100 times higher data rates for typical users [4]. In order to satisfy the
aforementioned requirements, various potential promising technologies for 5G wire-
less communication systems have been suggested. Some of these technologies include
advanced multiple access schemes, cell densification, high-efficiency multiple antenna
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Figure 1.1: The optical spectrum.
techniques, and exploitation of the unlicensed spectrum that has not been used for
wireless communications before [5], [6]. In terms of the later direction, shifting to-
wards the higher frequencies of the Electromagnetic Spectrum (EM) is considered. In
this context, the exploration of the underutilized Milli-meter Wave (mmWave) bands
for future cellular communication networks is proposed [7]. For instance, the 60 GHz
band has been considered as a part of the IEEE 802.11 ad. However, due to the
inherently high Path Loss (PL), 60 GHz links are highly directional and therefore
require sophisticated beamforming techniques and tracking algorithms for application
in cellular networks. Further shifting beyond mmWave frequencies, there is about 0.3
–30000 THz of bandwidth that called optical spectrum [8]. Wireless communications
in optical window is called Optical Wireless Communications (OWCs). OWCs iden-
tify three different regions of the EM, i.e., Infrared (IR), visible light, and Ultraviolet
(UV). The optical spectrum window is illustrated in Fig. 5.1.
Wireless Infrared Communications (WIRCs) systems utilize the Near-Infrared (NIR)
portion (IR-A) which occupies wavelengths from 780 nm to 1400 nm of the entire IR
wavelength range (780–106 nm). The IR-A extends from the nominal red edge of the
visible spectrum. Originally, IR-A was targeted for short-range wireless communica-
tions. IR-B (1400–3000 nm) is used mainly for long distance communications either
guided (optical fibre) or free space optical communications. While, IR-C portion (3000
–106 nm), which is also called thermal imaging region, has been extensively used for
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military applications like missiles homing and civilian purposes such as remote tem-
perature sensing. On the other hand, Visible Light Communications (VLCs) use the
entire visible light wavelength range between (380–780 nm). Whereas Wireless Ultra-
violet Communications (WUVCs) employ UV-C (200–280 nm, the deep UV) segment
of the entire UV wavelength range (10–380 nm) [1], [9]. Within UV window, UV-A
and UV-B are suitable for a wide range of applications including commercial, military,
medicine, and dentistry applications [10]. The last part of the UV spectrum called
Extreme Ultraviolet (EUV). This range of wavelengths is absorbed almost completely
by the earth’s atmosphere [11]. Therefore, EUV requiring high vacuum for transmis-
sion. It can be concluded that the useful OWCs spectra that do not fall under the
Federal Communications Commission (FCC) regulations include IR-A, IR-B, entire
visible light, and UV-C. Hence, the equivalent bandwidth is around 1117 THz, which
is a factor of 27000 larger than the RF (3 Hz–30 GHz) including the 60 GHz band (57
–66 GHz). Unlike WIRCs and WUVCs, VLCs possess the ability to provide illumina-
tion and wireless communication simultaneously. VLC is realized through the use of
off-the-shelf Light-Emitting Diodes (LEDs) for signal transmission and illumination
simultaneously. Most recently, VLCs have been identified as a potential solution for
mitigating the looming RF spectrum crisis [1]. The vision is that VLCs networks
would complement the existing of RF networks towards heterogeneous network con-
vergence. Hence, provide significant spectrum relief by allowing RF wireless networks
to off-load a significant portion of wireless data traffic.
1.1.2 Key features of VLCs
VLC is a very attractive technology as lighting sources have been integrated into vir-
tually every inhabited environment. Therefore, there is wide diversity in the field of
VLC applications, including Wireless Local Area Networks (WLAN), Wireless Per-
sonal Area Networks (WPAN), Wireless Body Area Networks (WBAN), heteroge-
neous networks, indoor localization and navigation (where current Global Positioning
System (GPS) is not available), inter-vehicle networks, underground and underwater
networks, offering a range of data rates from a few Mbps to 10 Gbps [12] [13]. There
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are many notable features that make VLC technology as one of the most promising
solutions within wireless communication landscape, these features can be summarised
as below:
1.1.2.1 Sustainable and Green Technology
Although natural light has been around us for many millions of years and there are
over 20 billion light bulbs in use around the world today [14], there have been no
ecological or health concerns as long as eye safety regulations are fulfiled. This is
due to the fact that the light is non-ionizing radiation. Whereas there are recent
research argue that might be possible health risk caused by prolonged exposure to RF
radiation. In 2011, the International Agency for Research on Cancer (IARC) classi-
fied RF electromagnetic fields as a “possible human carcinogen” [15]. Furthermore,
LEDs (or Organic LEDs (OLEDs) for future VLCs) are much environmentally friendly
compared to conventional incandescent and fluorescent light sources. LEDs have no
Mercury or any other hazardous substances, less fragile, and with low heat radiation
in case of long period of continuous usage. In the same context, VLC enable safe data
transmission in specific environments where RF communication and EM radiation are
prohibited or refrained to avoid interference with critical systems. This is due to the
fact that the light does not interfere with other electromagnetic waves or with the
operation of sensitive electronic equipments. Such environments include aviation and
hospitals as well as petrochemical and nuclear power stations [1].
1.1.2.2 Secure Technology
VLCs have inherent security due to spatial confinement of optical beams. This is
because in indoor environments the light cannot penetrate through walls and opaque
objects. Consequently, there is no interference with similar systems operating next
door and hence a higher degree of data security is afforded compared to RF sys-
tems [16]. This feature guarantees secure communications that cannot be intercepted
and thus it is impossible to access the network covertly by a middleman. In this type
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of communication, the user can take part in the communications process through
direct the information flow in any desirable direction. Hence, the users can see in-
formation carrier channel that is why it so-called What You See Is What You Send
(WYSIWYS) technology.
1.1.2.3 Energy-Efficient, Low-Cost Technology
VLCs are enabled by the emergence of the Solid-State Lighting (SSL) technology that
evolved rapidly over the past two decades. SSL can offer energy-efficient and long-
lasting LEDs. Visible LEDs have a high luminous efficiency (consumed electricity
to provide the intended illumination) of 107 lumens/watt (LED T8 Tube) [17] com-
pared to 15 lumens/watt and 60 lumens/watt for incandescent and fluorescent bulbs,
respectively [18]. Similarly, LEDs have a long lifespan of 50000 hours compared to
1200 hours and 10000 for incandescent and fluorescent bulbs, respectively. Recently
most of lighting systems employ LEDs rather than other types of illumination devices.
Therefore no new infrastructure and additional costs of copper cables and labor for
pulling cables are required for VLC systems which in turn further increases the cost-
efficiency. Moreover, VLCs offer higher Area Spectral Efficiency (ASE) compared
with RF communications [19].
1.1.2.4 License-Free Wide Spectrum
VLC utilize the entire visible light wavelength region (380–780 nm). Therefore, the to-
tal available bandwidth resource amounts to approximately 400 THz, which is a factor
of 10, 000 larger than the RF spectrum including the 60 GHz band [12]. In addition to
being operated over a huge license-free spectrum resource, VLCs are complementary
noninterfering solution alongside the RF networks.
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1.1.3 Challenges for VLCs
Despite all the advantages that offered by VLCs, there are a number of challenges that
still need to be addressed. It is worthwhile to emphasise that VLC link impairments
can have a significant impact on system performance and capacity. Such impairments
include the distortion, which is introduced by the optical wireless channel into the
received signal, the non-linear transfer characteristics of the front-ends, and the noise
sources. In terms of the distortion induced by the optical wireless channel, it is im-
perative that the characteristics of the optical wireless channel are well understood
in order to analyse and combat the effects of channel distortions. However, channel
characteristic of a VLC link can be changed if the transmitter, receiver and interven-
ing reflecting objects are moved by distances of the order of centimetres [20]. From
the literature, it has been noticed that a considerable amount of work has been done
in terms of WIRCs channel modelling and characterizing. While some of the previous
work in WIRCs has been extended to VLCs without a solid justification. It has as-
sumed that since the wavelengths of IR and visible light are contiguous, their channels
have similar optical characteristics. This draws attention that the research endeavors
on VLC channel modelling and characterisation are still in early stages and explicit
generic channel models that can be adapted to wide range of VLC scenarios are still
missing in the literature.
1.2 Motivation
Accurate and efficient channel models that are able to mimic key characteristics of
optical wireless channels play an important role in designing and testing VLC systems.
However, certain key characteristics of indoor VLC channels such as the distribution
of surrounding objects and their spectral reflectance are missing in existing conven-
tional indoor VLC channel models. This is due that the most existing indoor VLC
channel models are actually an extension of conventional indoor IR channel models.
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Furthermore, we extend the research to consider VLCs for unconventional indoor en-
vironments, i.e., underground mines environments. On the other hand, since VLCs
are not only for indoor applications but could also be used for outdoor applications,
one such promising emerging approach is Vehicular VLCs (VVLCs) as part of the
Intelligent Transportation Systems (ITS). Since VVLCs are still in very early stages
of research, explicit channel models that can be adapted for VVLC systems are still
non-existent.
OWCs researchers may have diverse requirements on the optical wireless channel
models. More accurate channel models are required for practical wireless system
design and simulation. On the other hand, efficient and mathematically tractable
channels are useful for theoretical analysis. Due to the lack of accurate generic VLC
channel models that take into account indoor and outdoor applications of VLCs,
this Ph.D. project is devoted to the modelling and simulation of VLC systems using
GBSMs. In GBSMs, geometries are predefined in a stochastic fashion according to
certain probability distributions. Hence, it is satisfying reasonable accuracy since it
is geometry-based and it considers as an efficient model since it is a mathematically
tractable approach.
1.3 Contributions
The key contributions of the thesis are summarised as follows:
• Extensively review channel measurement campaigns that conducted in OWCs
and address the recent advances in OWCs channel models primarily in IR and
visible light spectra. The important existing channel models are reviewed and
classified. Consequently, research gaps in VLC channel models are discussed
and outlined.
• Propose a new 2D one-ring FoV RS-GBSM for stationary VLC SISO channels.
Based on the proposed model, the main VLC channel characteristics are investi-
gated considering the Line-of-Sight (LoS) and Single-Bounce (SB) components.
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• Propose a new 2D multiple bounce RS-GBSM for stationary VLC SISO chan-
nels. The proposed model employs a combined two-ring and confocal ellipse
model. VLC channel characteristics are thoroughly investigated based on the
proposed model. This model has the ability to consider SB, Double-Bounce
(DB), and Triple-Bounce (TB) in addition to the LoS components.
• Propose a new 2D RS-GBSM for mobile VVLC SISO channels. The proposed
model considered the LoS in addition to SB components, which are reflected
off moving vehicles around the Tx and Rx as well as the stationary roadside
environments. Furthermore, the model considers DB components that reflected
off the surrounding vehicles.
• Propose a novel Three-Dimensional (3D) RS-GBSM for mobile VVLC MISO
channels. The proposed model is jointly considered the azimuth and elevation
angles by using VMF distribution. The impacts of the vehicular traffic on the
received optical power and link performance are investigated.
1.4 Original Publications
The work presented in this thesis has led to the following publications:
1.4.1 Journals
1. A. Al-Kinani, C.-X. Wang, L. Zhou, and W. Zhang, “Optical wireless commu-
nication channel measurements and models,” submitted for publication in IEEE
Commun. Surveys Tuts. Manuscript first submitted June 12, 2017, accepted
with major revisions, re-submitted Jan. 20, 2018.
2. A. Al-Kinani, J. Sun, C.-X. Wang, W. Zhang, X. Ge, and H. Haas, “A 2D non-
stationary GBSM for vehicular visible light communication channels,” submitted
for publication in IEEE Trans. Wireless Commun. Manuscript first submitted
Nov. 20, 2017, accepted with major revisions, Feb. 9, 2018.
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3. A. Al-Kinani, C.-X. Wang, Q. Zhu, J. Sun, W. Zhang, and H. Haas, “A 3D
non-stationary GBSM for vehicular visible light communication MISO chan-
nels,”. Under final revision of co-authors, planned to be submitted in IEEE
Trans. Vehi. Technol.
4. A. Al-Kinani, C.-X. Wang, and H. Haas, “A novel 3D GBSM for indoor visible
light communication channels,”. Under final revision of co-authors, planned to
be submitted in IEEE Trans. Commun.
5. J. Wang, A. Al-Kinani, J. Sun, W. Zhang, C.-X. Wang, and L. Zhou, “A path
loss channel model for visible light communications in underground mines,” sub-
mitted for publication in China Commun. Manuscript first submitted Dec. 22,
2017, accepted with minor revisions, Jan. 18, 2018.
6. L. Zhou, C.-X. Wang, A. Al-Kinani, and W. Zhang, “Visible light commu-
nication system evaluations with integrated hardware and optical parameters,”
submitted for publication in IEEE Trans. Commun. Manuscript first submitted
Aug. 9, 2017, accepted with major revisions, re-submitted Jan. 23, 2018.
1.4.2 Conferences
1. A. Al-Kinani, C.-X. Wang, H. Haas, and Y. Yang, “A geometry-based multiple
bounce model for visible light communication channels,” invited paper, in
Proc. IWCMC’16, Paphos, Cyprus, Sept. 2016, pp. 31–37. – Best Paper
Award
2. A. Al-Kinani, C.-X. Wang, H. Haas, and Y. Yang, “Characterization and
modeling of visible light communication channels,” in Proc. IEEE VTC’16-
Spring, Nanjing, China, May 2016, pp. 1–5.
3. A. Al-Kinani, C.-X. Wang, F. Haider, H. Haas, W. Zhang, and X. Cheng,
“Light and RF dual connectivity for the next generation cellular systems,” in
Proc. IEEE ICCC’17, Qingdao, China, Oct. 2017, accepted for publication at
Aug. 3, 2017.
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4. J. Wang, A. Al-Kinani, W. Zhang, and C.-X. Wang, “A new VLC channel
model for underground mining environment,” invited paper, in Proc. IWCMC’17,
Valencia, Spain, June 2017, pp. 2134–2139.
5. J. Wang, A. Al-Kinani, J. Sun, W. Zhang, and C.-X. Wang, “A path loss
channel model for visible light communications in underground mines,” in Proc.
IEEE ICCC’17, Qingdao, China, Oct. 2017, accepted for publication at Aug.
3, 2017.
1.5 Thesis Organisation
The remainder of this thesis is organised as follows:
Chapter 2 provides a comprehensive literature review of OWCs in terms of evolution,
features, and channel scenarios. The main key characteristics of OWCs channels are
thoroughly explained. Furthermore, recent advances in OWCs channel measurement
campaigns and models in IR and visible light spectra are extensively reviewed. It also
highlights the research gaps in VLCs channel models area.
Chapter 3 investigates indoor VLC SISO channel characteristic by proposing a 2D
one-ring RS-GBSM. This chapter also defines the radiation pattern of LEDs and
provides a brief explanation of photometry science.
Chapter 4 further extends the work in Chapter 3 by proposing a combined two-
ring and confocal ellipse model. Unlike one-ring model, this model can model up
to the third reflection in addition to the Line-of-Sight (LOS) component. In this
chapter, simulation results are further compared with the existing channel models in
IR spectrum.
Chapter 5 introduces VLCs to vehicular networks. It presents the key differences be-
tween VVLCs and their counterparts of vehicular RF standards. In this chapter, a 2D
RS-GBSM for mobile VVLC SISO channels is proposed. The proposed model has the
ability to model surrounding vehicles as well as the stationary roadside environments.
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Chapter 6 considers 3D VVLCs channel modelling. A novel 3D RS-GBSM for mobile
VVLC MISO channels is proposed. The proposed 3D RS-GBSM combining two-
sphere and elliptic-cylinder model. This model considers the LoS component in addi-
tion to SB components, which are reflected off moving vehicles and stationary roadside
environments.
Chapter 7 concludes the thesis by summarising our key research findings and points
out future research directions that require further optical channel measurement cam-
paigns and developing more realistic channel models before the actual implementation.
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OWC Channel Measurements and Models
2.1 Introduction
Looking back into history, OWCs predate RF communications by many centuries.
Each nation had its own way of using fire signals to warn possible invasion or an-
nounce victory. About 800 Before Christ (BC), ancient Greeks and Romans used fire
beacons in order to guide ships toward the mainland. In 1880, a light based telephone
called photophone was innovated by Alexander Graham Bell to send and receive sound
clearly over sunlight via unguided channel for a distance of some 213 m, while shorter
ranges were covered using various lamps as a light source. Photophone was consid-
ered as the first VLC system [20]. For military purposes, German Army introduced IR
photophones in 1935. The light source was a tungsten filament lamp combined with
an IR transmitting filter. IR photophones succeeded in communicating over a range of
3 km at daylight and a clear weather [21]. In 1955, Rubin Braunstein, from the Radio
Corporation of America (RCA), reported IR emission from a simple diode structured
from gallium arsenide (GaAs). Two years later, in 1957, Braunstein further demon-
strated that such a diode can be used for WIRCs through sending an audio signal to
be detected by a lead sulfide (PbS) diode some distance away [22]. In 1962, Texas
Instruments (TI) manufactured the first commercial Infrared LED (IRED) product,
which was structured from GaAs compound with emission in the 900 nm wavelength
12
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region [23]. By the fall of 1962, groups at International Business Machines (IBM)
research laboratory, Massachusetts Institute of Technology (MIT) Lincoln laboratory,
and general electric (GE) succeeded in demonstrating IR laser diode [24]. During
the same year, unlike others in RCA, Nick Holonyak chose gallium arsenide phos-
phide (GaAsP) alloy rather than off-the-shelf GaAs to produce first visible lasing and
non-lasing LEDs. Holonyak is seen as the “father of the light-emitting diode” [23].
Thenceforth, advanced visible LEDs, which are capable of switching between different
light intensity levels at a very fast rate, became available. The switching speed was
fast enough to be imperceptible by human eyes. In this chapter, VLCs evolution will
be reviewed in some details since this work is focusing on VLCs channel modelling.
The idea of illumination and data transmission simultaneously by using White-LED
(WLED) was first proposed, for Wireless Home Link (WHL), by a research group at
Keio University in Japan [25]. In 2003, the Visible Light Communications Consor-
tium (VLCC) was established by Nakagawa Laboratories in partnership with CASIO,
NEC, and Toshiba in Japan [26]. VLC technology became sufficiently mature to be
standardised by IEEE 802.17.5 working group in 2011 [27]. IEEE 802.17.5 included
the link layer and physical layer design specifications. Based on VLC idea, Light
Fidelity (Li-Fi) term is coined by [1]. Li-Fi providing bi-directional VLC system by
utilizing IR or Wi-Fi for uplink. For instance, the first generation, commercially
available full duplex Li-Fi modem using IR for the uplink channel was announced by
pureLiFi [28]. OLEDCOMM was the first European company that started to com-
mercialise Li-Fi communication solutions a worldwide level [29]. Most recently, IEEE
802.15.7 task group announced a Call for Proposals (CFP) for the development of the
IEEE 802.15.7 r1 standard to be revealed by the end of 2017 [30]. IEEE 802.15.7 r1
technical consideration document aims to provide three main sections including Op-
tical Camera Communication (OCC), Li-Fi, and LED-Identification (LED-ID). OCC
is a VLC system but combined with a camera. OCC provide triple functions, i.e.,
illumination, data transmission/receiving, and positioning/localization.
On the other hand, studies on WUVC techniques date back to at least 1945 [9],
mainly for long range communication based on UV-A sources such as carbon arcs,
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Table 2.1: Features of WIRCs, VLCs, WUVCs, and RF Communications.
WIRCs VLCs WUVCs RF Communications
Transmitter IRED, IR Laser
Phosphor-coated blue LED,
RGB LED
UVTOP LED
Typical Tx
RF Antenna
Receiver PIN, APD PIN, APD, SPAD
UVPMT, DUVAP
Combined with a solar blind filter
Typical Rx
RF Antenna
Standard
IrDA (P2P),
IEEE 802.11 (Diffuse)
IEEE 802.15.7 r1
(In progress)
N/A IEEE 802.11
Communication scenario
Mainly Indoor,
secondarily outdoor
Mainly Indoor,
secondarily outdoor
and underwater
Mainly outdoor,
secondarily underwater [9]
Indoor and outdoor
Link configuration
Mainly NDNLoS,
secondarily DLoS
Mainly NDLoS Mainly NDNLoS NDLoS and NDNLoS
Dominant noise
at the Rx
Background light Background light Virtually noiseless [9] Interference noise
Multipath fading No No No Yes
Doppler effect No No No Yes
Path loss High High
Higher than WIRCs,
VLCs and RF
High
Bandwidth
100 THz–384 THz,
(IR-A & IR-B)
384 THz–789 THz 1071 THz–1500 THz (UV-C) 3 Hz–30 GHz
Bandwidth regulated No No No Yes
Cost Low Low Moderate-to-high High
Range
Short-range (IRED),
Long-range (IR Laser) [34]
Short-range
Long-range if compared
with WIRCs and VLCs
Short-range and
long-range
Communication mode Mainly unidirectional Mainly unidirectional Bidirectional Bidirectional
Power consumption Low Low Higher than VLCs and WIRCs High
Eye & skin cafety Potential eye hazard Potential eye hazard Potential eye & skin hazards No obvious hazard
Penetration
Penetrate through glass but
not walls, and opaque objects
Same as WIRCs
Do not penetrate through glass
walls, and opaque objects
Penetrate through glass
walls, and opaque objects
Security Higher than RF
Higher than WIRCs,
WUVCs, and RF
Lower than WIRCs
and VLCs
Low
WLED: white-light-emitting diode; RGB LED: red, green, and blue LED; PIN: p-type/intrinsic/n-type diode; APD: avalanche photodiode; SPAD: single
photon avalanche diode; UVPMT: UV photomultiplier tube; DUVAP: deep ultraviolet avalanche photodetector; P2P: point-to-point; N/A: not applicable
low pressure mercury arc lamps, gallium lamps, and nitrogen filled tubes. These
devices are typically bulky, power hungry, or bandwidth limited [10], while receivers
were, in most cases, Photomultiplier Tubes (PMTs) [31]. The first UV-A LED was
reported by Jacques Pankove at RCA in 1972 using gallium nitride (GaN) alloy.
Sensor Electronics Technology (SET) has developed a state-of-the-art miniaturized
UV-C LEDs, called UVTOP series, in 2002 [32]. Since then, UV-C has the potential
to be used in short-range wireless communication and sensing. The very latest UV
LEDs-based communication test-bed was reported in [33]. The setup can reliably
deliver a data rate of 2.4 kbps for a vertically pointing transmitter and receiver of 11 m
separation. Rapid development in compound semiconductor design and fabrication
of LEDs, PDs, and filters, has inspired recent research and development in the OWC
technology. The key differences between WIRCs, VLCs, and WUVCs technologies
are detailed in Table 2.1. Here, RF communication technology has been added to the
comparison in order to make it more generic.
The rest of the chapter is organised as follows. In Section 2.2, various scenarios of
OWCs links are presented and the trade-off between their features is thoroughly ex-
plained. OWCs channel characteristics have been detailed in Section 2.3. An overview
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of OWC measurement campaigns is provided in Section 2.4. The state-of-the-art of
OWC channel models is presented in Section 2.5. Conclusions are finally drawn in
Section 2.6.
2.2 Channel Scenarios
The characteristics of the optical wireless channel can vary significantly depending
on the optical wireless channel scenario (also called link configuration, link design or
topology in many literature). This section presents the most common optical wire-
less link scenarios, their specifications, and the trade-off between them. In principle,
all communication technologies within OWCs share common link designs. However,
some link designs are only applicable for specific scenarios and such examples will be
presented. Basically, it is convenient to classify OWC link configurations according
to three criteria. Firstly, the degree of directionality of the Tx and Rx. Secondly, the
existence of uninterrupted LoS path between the Tx and Rx. Thirdly, the Tx diver-
gence angle and the FoV of the Rx. Accordingly, there are four common link configu-
rations mostly referred in literature as 1) Directed LoS (DLoS); 2) Non-Directed LoS
(NDLoS); 3) Non-Directed Non-LoS (NDNLoS); and 4) Tracked [20], [10], [35], [36].
Aforementioned link scenarios classifications are illustrated in Fig. 2.1.
2.2.1 DLoS
This link scenario is shown in Fig. 2.1(a). It is practicable in all OWCs technologies,
especially in WIRCs. It is established when the Tx is oriented towards the Rx. This
design is utilized in Point-to-Point (P2P) and simple peer-to-peer networking OWC
links [37]. It is commonly used for indoor short-range communications. Whereas, for
outdoor communications, lasers rather than LEDs are being employed in most cases,
e.g., Free Space Optical Networking Architecture (FSONA) technology which utilizes
IR-B band in WIRCs [34]. DLoS design offers low power requirement (maximizes
power efficiency) because the optical channel loss will be limited only by free space
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Tx
Rx
(a) DLoS
Tx
Rx-2Rx-1
FoV
(b) NDLoS
RxTx
(c) NDNLoS
Tx
Rx
(d) Tracked
Tx Rx
Aerosols
Molecules
FoV
(e) NDNLoS/Wide FoV
Tx Rx
Aerosols
Molecules
FoV
(f) NDNLoS/Narrow FoV
Figure 2.1: OWC channel scenarios.
PL and hence higher data rate can be obtained. This is, however, at the cost of limited
mobility, small coverage area, and stringent link alignment [38]. The main drawback
of DLoS link is that it is sensitive to blockage and shadowing [36].
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2.2.2 NDLoS
Sometimes called Wide LoS (WLoS) [39]. This link is most suitable for point to multi-
point indoor communication applications. As seen in Fig. 2.1(b), this design exhibits
more flexibility since both Tx and Rx have wide optical aperture, i.e., wide beam
divergence angle for the Tx and wide FoV for the Rx. Accordingly, no alignment is
necessary and therefore, NDLoS links may be more convenient to use, particularly
for mobile terminals since they do not require orientation of the Tx or the Rx [36].
Furthermore, due to reflections form rooms walls, objects and fixtures, this link con-
figuration shows more robustness to shadowing and blockage. However, reflections
are considered the main reason for increasing the PL in addition to multipath disper-
sion which ultimately leads to the transmission bandwidth limitation [38]. NDLoS
links are applicable in all OWCs technologies, particularly in VLCs, since it provides
illumination in the first place.
2.2.3 NDNLoS
This link design does not impose LoS connection between the Tx and Rx. This design
is well known as diffuse link configuration in WIRCs. In this configuration, Tx with
wide beam divergence is pointed towards the ceiling. The diffuse reflections off ceiling,
walls, and objects are used to establish a link to a wide FoV Rx that also faces the
ceiling as shown in Fig. 2.1(c). Diffuse link maintains sustained connection between
the Tx and Rx. Consequently, this will offer users a wide degree of mobility and high
robustness against link loss due to blockage [40]. Since no LoS required, the diffuse
configuration is considered the most convenient for both infrastructure and ad hoc
networks. Unfortunately, diffuse configuration sustains high PL due to the absence of
a direct path, typically 50-70 dB for a horizontal separation of 5 m in WIRCs [20]. In
addition to high PL, diffuse configuration experiences multipath dispersion. Multipath
dispersion induced Intersymbol Interference (ISI) and consequently Bit Error Rate
(BER) degradation and hence limiting data rate [41]. Multipath power penalty is
added in order to overcome ISI, therefore this link configuration is less power efficient
17
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Table 2.2: Key features of OWCs channel scenarios.
Link
design
Technology Capacity Bandwidth Power efficiency
End eser
mobility
Coverage area
DLoS WIRCs High Highest Highest Stationary Small
NDLoS WIRCs, WUVCs, VLCs Low Low Low Mobile Large
NDNLoS WIRCs, WUVCs Lower than NDLoS Lowest Lowest Mobile Largest
Tracked WIRCs High High High Mobile
Larger than
DLoS
than aforementioned links. NDNLoS link configuration is mainly used in WUVCs
and WIRCs, but it is based on scattering from the particles in the atmosphere rather
than diffuse reflection in WIRCs as illustrated in Figs. 2.1(e) and 2.1(f). Based on a
specific application, the Rx can be of wide or narrow FoV. Furthermore, the distance
between the Tx and Rx in case of WUVCs is further. NDNLoS link configurations
are more viable in WIRCs and WUVCs than in VLCs [42].
2.2.4 Tracked
Tracked scenario is a special case of the DLoS scenario [43] as illustrated in Fig. 2.1(d).
It is proposed to enable user mobility, improve power efficiency, reduce multipath
induced ISI, and provide high data rate within one configuration [44]. A tracked
system could be incorporated in either a ceiling-mounted transceiver (Base Station
(BS)) or the mobile terminal or both [45]. Tracking mechanism is done through
three main components: an acquisition unit to observe the presence of a new mobile
station within a specific area, a tracking unit to track this new mobile station, and
a pointing unit to aim the optical beam so that it is on or closely parallel to the
required optical path (with tolerable offset). This technique is known as the Pointing,
Acquisition, and Tracking (PAT). Tracked configuration is more feasible in WIRCs.
However, mechanically steerable optics are expensive and difficult to miniaturize.
Consequently, a solid-state tracking system that eliminates steering requirements was
proposed in [45].
Key features of OWCs channel scenarios are summarised in Table 2.2.
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2.3 Channel Characteristics
In order to design, implement and operate an efficient OWC system, it is essential
that the characteristics of the optical wireless channel are well understood. Unlike
RF channels, optical wireless channels do not experience multipath fading [20]. This
is due to the fact that in OWCs, the PD dimensions are in the order of millions of
optical wavelengths, which leads to an efficient spatial diversity that exhibits a high
degree of immunity to multipath fading [20], [41], [46]. Therefore, there is no small-
scale fading in OWCs. Furthermore, the use of IM/DD in OWC systems eliminates
the transmitter and receiver local oscillators and hence no Frequency Offset (FO)
in OWCs. While in terms of Doppler shift, it has been shown in [47] that Doppler
frequency has negligible effects in OWC systems. This is because the corresponding
wavelength shift is small enough to assume that bandwidth spreading and Signal-
to-Noise Ratio (SNR) variation due to Doppler are insignificant problems in most
IM/DD based applications [12], [47]. Although OWCs do not experience multipath
fading, they do suffer from the effects of multipath dispersion, which manifests itself
in a practical sense as ISI. On the other hand, large-scale fading due to PL and
shadowing in addition to ambient noise and the non-linear transfer characteristics of
the front-ends are considered the main challenges that greatly affect the OWC link
performance.
OWC channel characteristics depend in the first place upon the type of communication
environment, e.g., indoor, outdoor, and recently Underwater Optical Wireless Com-
munications (UOWCs) [48]. Furthermore, environment details are affecting channel
characteristics. For instance, indoor environment could be household, office building,
factory, shopping mall, etc., and these differently affect the optical channel. Hence,
the different environment would cause different optical channel characteristics. Sec-
ondly, the positions of the Tx and Rx. Therefore, applied indoor characterization
techniques is not really effective for determining the outdoor (or underwater) channel
characteristics and system performance [49]. Table 5.1 presents the most common en-
vironments and some of their examples. In the following subsections, we will present
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Table 2.3: OWCs common environments.
Environment Field of Application
Small-scale indoor Typical rooms
Mid-scale indoor Offices, labs, and workshops
Large-scale indoor
Factories, sport complexes,
shopping malls and hospitals
Open indoor
Train stations, airports,
museums, and exhibit halls
Intra-Vehicle Vehicles, trains, and airplanes
Inter-Vehicle
Vehicle-to-Vehicle (V2V),
Vehicle-to-Road infrastructure (V2R),
and Road infrastructure-to-Vehicle (R2V)
Outdoor P2P [34]
Underground
Subway stations, underground
roads, and mines [50]
Underwater Ocean-bottom
a brief explanation of the optical wireless channels characteristics.
2.3.1 Channel Impulse Response (CIR) h(t)
Characterization of the OWC channel is performed by its Channel Impulse Response
(CIR) h(t), which is then used to analyze and combat the effects of channel distortions.
CIR h(t) is the time evolution of the signal received by the Rx when an infinitely short
optical pulse is sent from the Tx [51]. CIR h(t) allows predicting what the system’s
output will look like in the time domain. Once the CIR h(t) is known, any waveform
distortion due to multipath propagation can be calculated and the output of the
system can be predicted for any arbitrary input without even testing it (when the
system is Linear Time-Invariant (LTI)). The mathematical expressions of the CIR
h(t) for DLoS and diffused scenarios will be detailed in Section 2.5.
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2.3.2 Channel DC Gain H(0)
For intensity-in intensity-out channels, the DC value of their frequency responses can
be expressed as [35]
H(0) =
∫ ∞
0
h(t)dt. (2.1)
The latter expression is referred as channel DC gain, which is the fraction of power
emitted from a continuous-wave transmitter that is detected by the receiver. Channel
DC gain H(0) is related to the average received power Pr, by Pr = Pt H(0), where
Pt is the average transmitted power. Furthermore, it determines the achievable SNR
as [20]
SNR =
R2λH
2(0)P 2r
RbN0
. (2.2)
Here, Rλ, N0, Rb denote responsivity of the PD, the noise spectral density, and achiev-
able bit rate, respectively. From (2.2), it can be seen that the SNR in VLC systems is
proportional to P 2r compared with Pr in the conventional RF channels. Consequently,
this necessitates the need for higher optical power requirement and a limited PL to
deliver the same performance. Therefore, VLC technology is considered as a good
candidate for future short range communications.
2.3.3 Root Mean Square (RMS) Delay Spread
In NDLoS and NDNLoS link configurations, due to the reflections off walls, ceiling,
and furniture, the optical transmitted signal takes multipath to reach a fixed or mobile
Rx. Due to the difference in propagation path length, the received signal appears as
a sum of weighted, delayed copies of the transmitted signal [52]. Hence, the optical
channel stretches the transmitted signal in time resulting in the so-called temporal
dispersion. This major characteristic can be quantified by the RMS delay spread Drms
of CIR h(t) as [53]
Drms =
√∫∞
−∞(t− µτ )2 h2(t)dt∫∞
−∞ h
2(t)dt
. (2.3)
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Here, µτ is the mean excess delay: µτ =
∫∞
−∞ t h
2(t)dt∫∞
−∞ h
2(t)dt
. RMS delay spread Drms can be
used to measure the severity of ISI created by a multipath channel [43].
Based on Drms, channel coherence bandwidth can be expressed as [1]
Bc,50% = 1/(5Drms). (2.4)
Here, 50% denotes the decorrelation percentage. Likewise, based on Drms, the maxi-
mum bit rate, which can be transmitted through the optical wireless channel, is given
as [12], [54]
Rb ≤ 1/10Drms. (2.5)
2.3.4 Frequency Response H(f)
The impact of multipath effect on the optical wireless channel bandwidth can be easily
seen in frequency domain rather than time domain. Channel frequency response H(f)
can be estimated by using Fourier transform of CIR h(t). The 3-dB frequency of the
optical channel is obtained as [55], [56]
|H(f3−dB)|2 = 0.5 |H(0)|2 . (2.6)
It has been proved that the higher-order reflections have significant impact only at
low frequencies whereas the high-frequency magnitude response is characterized by
the first-order reflection only [57]. In general, it has been shown that the variation
of the received power in environments with different reflectivity and the available
bandwidth are almost inverse to each other [1].
2.3.5 Path Loss (PL)
In DLoS and tracked channel scenarios, indirect propagation paths contribution can
be neglected. Thus, unshadowed LoS PL model is expressed based on the knowledge
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of the radiated pattern, Rx size and separation distance as [41]
PLLoS (optical dB) = −10 log10
[
Ar
pi
d2v
(d2v + d
2
h)
2
]
(2.7)
Here, dv, dh, and Ar denote the vertical separation between the Tx and Rx, horizontal
separation, and the area of the PD, respectively. However, for NDLoS and NDNLoS
channel scenarios, the prediction of the optical PL is more complex since it depends on
environment parameters such as room dimensions, furniture, reflectivity, orientation
and position of the Tx and Rx. The PL of unshadowed diffuse configurations can be
estimated using the expression [41], [58]
PLDiffuse (optical dB) = −10 log10
(∫ ∞
0
h(t) dt
)
. (2.8)
Therefore, to estimate the optical channel PL, it is necessary to analyze the CIR h(t)
for a given environment. There are different attempts to accurately estimate the
optical PL in different environment and scenarios, e.g., [20], [41], [59].
2.3.6 Shadowing
Channel PL is increased further if a temporary obstruction, such as a person obscures
the Rx such that the main signal path is blocked or partially obstructed. This situation
is referred to as shadowing, which is another vital factor that affects the performance
of OWC systems. Unlike RF waves, optical waves cast clear shadows (hard shadow).
This is due to the fact that the optical waves have very short wavelengths compared
to the size of the human body (i.e., the obstruction), and hence they do not diffract
noticeably [60]. It has been shown that signal path obstruction by furniture can be
easier predicted and hence avoided through the implementation of the appropriate
channel scenario and Tx/Rx orientation. However, most current studies primarily
focus on the modelling and analyzing the shadowing and blockage that caused by
moving or stationary people, such as in [60]–[61].
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It is also worth to mention that some studies have modelled PL and shadowing for ND-
LoS and diffuse scenarios using curve-fitting methods based on experimental data such
as in [1], [41], [62], [59]. For instance, the authors in [59] adopted the already exist-
ing PL model that including shadowing of RF transmission to OWCs. Consequently,
the PL exponent and shadowing standard deviation values have been estimated for
different propagation paths and scenarios for a specific environment.
2.4 Channel Measurements
This section presents a brief survey of the conducted measurement campaigns of
OWCs, mainly for WIRCs and VLCs. However, a complete survey of WUVCs channel
measurements and models is beyond the scope of this thesis. This is due to that WU-
VCs are mainly used for outdoor communications [63]. Furthermore, unlike WIRC
and VLC channels, WUVC channels exhibits different propagation characteristics due
to molecular and aerosol scattering. For instance, in the case of DLoS channels, the
multiple scattering is more pronounced than in an NDNLoS channels. Furthermore,
decreased visibility range may result in enhanced NDNLoS channels, the opposite of
conventional optical channels [10]. Therefore, WUVCs are mainly NDNLoS. Here,
the authors would like to draw the reader’s attention to the fact that there has been
a long history of research on WUVCs channel measurements and modelling reported
in the literature that can be found in [9], [10], [31], [64], [42], [65].
In order to understand the underlying physical phenomenon of optical wireless signal
propagation in indoor environments and validate the proposed optical wireless channel
model, measurement campaigns need to be carried out. A perfect channel model
is a model, that perfectly fits against the measured channel [52]. Therefore, some
proposed channel models were combined with experimental measurements to verify
the proposed channel model, e.g., [57], [66]. On the other hand, some channel models
have been verified based on the measurement campaign of the others, such as in [67].
In general, measurements results showed that indoor WIRC channels are very dynamic
with significant variations in the channels’ characteristics. These results were based
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on the data that collected from, firstly, various rooms. Secondly, in different Rx
locations within the same room. Thirdly, for different orientations of the Rx at the
same location of the same room [68].
There is a rich history of relevant studies on measurement based WIRC channel mod-
elling conducted since the 1990s, e.g., [41], [68]–[69]. The research work on measure-
ments and modelling of indoor RF channels in [70] has been extended by the same
working group to consider diffuse indoor WIRCs. The results of the analysis empha-
size that WIRCs are a suitable candidate for high speed wireless data communication
inside buildings. Since the early experimental measurements of WIRC channels that
done by J. R. Barry et al. [57], many other research groups have begun to investigate
more WIRC channel characteristics. Although Barry’s derived optical wireless chan-
nel models have been verified by measurements, that models were applicable only to
particular room environments and scenarios, which are detailed in [57]. Consequently,
Barry et al. could not make general statements about all room configurations. In [41],
more generalised measurements based research on approximately 100 different WIRC
channels. Both NDLoS and diffuse link configurations have been considered, with
and without shadowing. The latter study pointed out that the unshadowed NDLoS
configurations generally have smaller optical PL, Drms, and power penalties compared
with their unshadowed diffuse counterparts. On the other hand, shadowed NDLoS
configurations, generally exhibit larger values of the above three characteristics com-
pared with the corresponding shadowed diffuse configurations. Another measurement
campaign is reported in [71] to examine the WIRC channel characteristics and system
performance. The measurements were conducted in the absence of ambient light and
under different lighting conditions, to quantify the impact of ambient light noise.
Measurement-based stochastic approach in OWCs was first introduced in [69] to com-
pute the diffuse CIR h(t) of indoor WIRCs. Compared with iterative method in [35],
stochastic approach offers increased flexibility and reduced computational complexity.
The authors have utilized about 14000 measures of CIR h(t) to fit the shape of certain
well-known distributions, i.e., Rayleigh and Gamma. The fitting process was carried
out using Crame´r-von Mises (CvM) and Minimum Square Error (MSE) criteria. The
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study, however, has not considered the presence of LoS components. Based on their
previous work in [68], the same working group have performed further comprehensive
measurements campaign to investigate the impacts of receiver rotation and shadowing
on the indoor WIRC channels. The measurements have been executed in nine differ-
ent rooms in the Colonel By Hall (CBY) at the University of Ottawa [62]. The study
adopted both NDLoS and diffuse link configurations. The measurements results have
presented several outcomes that are helpful in the characterization of WIRC chan-
nels. It has been observed that the variations of optical wireless channel PL for small
changes of Rx rotation in NDLoS channels, is well approximated by a Gamma distribu-
tion. The results have also demonstrated a correlation between the channel Drms and
channel PL for both NDLoS and diffuse link configurations. Consequently, a simple
formula has been provided to express that correlation. Furthermore, measurements
have also been proved that shadowing reduces the received optical power and increases
the channel Drms. The authors in [44], have conducted measurement campaigns to
verify the spherical channel model for WIRC channels. Both tracked and diffuse con-
figurations have been considered. Likewise, in [66], HAYASAKA-ITO channel model,
has been verified by channel measurements. More details regarding the outcomes of
previous two models will be given in next section. On the other hand, in terms of
VLC channel measurements, it has been noticed that there is a few measurement
campaigns have been conducted for the indoor VLC channels and they are mostly
confined to NDLoS link configuration. An early experimental work on VLC channel
measurements was performed by Samsung Electronics [72]. The authors in [73], have
derived the PL in the photometric domain for short range NDLoS channel. In [56],
VLC channel measurements were carried out in a rectangular empty room. In the later
study, for the comparison purpose, the iterative site-based modelling technique [74]
was adopted for the CIR h(t) simulation of the indoor VLCs. Despite the impact
of higher-order reflections consideration in measurements, the results showed a good
agreement between simulation and measurements. Another measurements campaign
is conducted in [38] in order to investigate diffuse indoor VLC channel characteris-
tics. It has been demonstrated that the coverage area in indoor VLC systems can
be increased by using holographic Light Shape Diffuser (LSD) with suitable angles.
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Table 2.4: The most important OWC channel measurement campaigns.
Ref. Year Environment Scenario
Channel
Characteristics
No. Of
Bounces
Operating
Wavelength
[57] 1993
Empty
conference room
NDLoS
and diffuse
h(t), H(f) 3
NIR LD
(λ= 832 nm)
[68],
[76]
1994
8 Different furnished
rooms at the uOttawa
NDLoS
and diffuse
H(f), PL NA
NIR LD
(λ= 810 nm)
[41] 1995
5 Different rooms: 2 empty,
and 3 furnished rooms
NDLoS
and diffuse
h(t), H(f), Drms
PL, Shadowing
NA
NIR LD
(λ= 832 nm)
[71] 1996
4 Different
empty rooms
NDLoS
and diffuse
h(t), H(f),
Drms, PL
NA
NIR LD
(λ= 806 nm)
[69] 1997
Empty square
room
Diffuse h(t), Drms, µτ NA
NIR IRED
(λ= 832 nm)
[62] 2001
9 Different furnished
rooms at the uOttawa
NDLoS
and diffuse
h(t), H(f),
Drms, PL
NA
NIR LD
(λ= 808 nm)
[44] 2002 Rectangular empty lab
Tracked
and diffuse
H(f), PL 1 ≥ NIR LD
(λ= 993 nm)
[66] 2007
Empty rectangular
room
Diffuse
h(t), H(f),
PL
1st, 3 ≥ NIR LD
(λ= 784 nm)
[72] 2008
Rectangular
furnished room
NDLoS h(t), 1st
Red LED
(λ= 650 nm)
[73] 2010
Rectangular
empty room
NDLoS H(0), PL NA
White LED
(λ= 380–780 nm)
[38] 2012
Rectangular
empty room
NDLoS H(0) NA
Blue LED
(λ= 455 nm)
[56] 2012
Rectangular empty
dark room
Diffuse h(t), H(f) 3
Blue LD
(λ= 445 nm)
[60] 2014
Furnished meeting
room
NDLoS
and diffuse
h(t), Drms, µτ
PL, Shadowing
NA
White LED
(λ= 380–780 nm)
[75] 2015
Corridor, empty hall
furnished office room
NDLoS H(0), Drms, µτ NA
White LED
(λ= 380–780 nm)
NDLoS: Non-directed LoS; h(t): channel impulse response; H(f): channel frequency response; PL: path
loss; Drms: root mean square delay spread; µτ : mean excess delay; NIR: near-infrared; LD: laser diode;
LED: light-emitting diodes; IRED: infrared light-emitting diode; uOttawa: University of Ottawa; N/A: not
applicable
In terms of shadowing, the authors in [60] have considered the effect of channel PL
and shadowing. They used human body as a temporary obstruction to model the
shadowing in VLCs. In [75], the effect of people movement on indoor VLC channel
characteristics, such as received power and Drms, was investigated in three different
environments. Measurement results showed that VLC technology is robust enough for
indoor communications since it is offering excellent mobility even when considering an
environment with high people density. Here, we classify (in chronological order) the
important measurements campaigns for WIRC and VLC channels according to the
publishing year, environment, scenario, measured channel characteristics, the number
of bounces, and the operating wavelength as detailed in Table 2.4.
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2.5 Channel Models
In terms of channel modelling approaches, there are many channel models for conven-
tional WIRCs reported in [16], [44], [57], [59], [77]–[78]. On the other hand, in terms
of VLC channel modelling, an explicit state-of-the-art of VLC channel models has not
been investigated adequately yet. Although few literary works related to VLC channel
modelling have been reported in [58], [79]–[80], research in this area is still at an early
stage. Furthermore, the IEEE 802.17.5 does not specify VLC channel models to be
used for technology evaluation yet [81]. Therefore, an explicit generic channel model
that can be adapted to a wide range of VLC scenarios is still missing in the literature.
In order to summarise what has been done so far in the literature, the most important
OWC channel models, primarily for WIRCs and VLCs, are presented in Table 2.5. As
can be seen, the OWCs channel models are briefly reviewed and tabled according to
the year of publishing, modelling approach, environment, scenario, investigated chan-
nel characteristics based on each approach, the number of bounces, and the operating
wavelength. The OWC channel models that are presented in Table 2.5 can be clas-
sified as deterministic and stochastic models. For instance, different approaches are
included in the deterministic approach, e.g., recursive [57], iterative [74], DUSTIN [67],
Geometry-Based Deterministic Models (GBDM) based on ray-tracing [79]–[82], and
Ceiling Bounce Model (CBM) [83]. On the other hand, the stochastic models can be
further classified into Geometry-Based Stochastic Models (GBSM) and non-GBSM.
Channel models such as spherical model [44] and Regular-Shape Geometry Based
Stochastic Model (RS-GBSM) [80] can be classified as GBSMs. While, channel mod-
els such as Monte Carlo algorithm (MCA) [77], and Modified CBM (MCBM) [84] are
classified as non-GBSMs. MCBM uses a combination of the traditional CBM and a
stochastic approach in order to mitigate the computational complexity in determinis-
tic models. Fig. 2.2 illustrates OWC channel models classification for most common
channels models. Here, we have highlighted some of OWC channel models with re-
lated literature, while in the following subsections, we will give a descriptive overview
of each channel model individually.
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Table 2.5: The most important OWC channel models.
Ref. Year
Modelling
Approach
Environment Scenario
Channel
Characteristics
No. of
Bounces
Operating Wavelength
[16] 1979 Cavity Model
Empty rectangular
small office, large
office and hall
Diffuse H(0), µτ 1
NIR IRED
(λ= 950 nm)
[57] 1993 Recursive Method
Empty
conference room
NDLoS
and diffuse
h(t), H(f) 3
NIR LD
(λ= 832 nm)
[85] 2002 Recursive Method
Empty rectangular
room
NDLoS H(0), SNR 0
White LED
(λ= 380–780 nm)
[86] 2004 Recursive Method
Empty rectangular
room
NDLoS
and diffuse
H(0), SNR 2
White LED
(λ= 380–780 nm)
[74] 2002 Iterative Method
Rectangular room with
arbitrary number of
boxes
Diffuse h(t), PL 10
NIR LD
(λ= 832 nm)
[67] 1997 DUSTIN
Empty rectangular
room
Diffuse h(t) 1 ≥ NIR LD
(λ= 832 nm)
[83] 1997
Ceiling-Bounce
Model (CBM)
5 Offices and
single large room
NDLoS
and diffuse
h(t), H(f), Drms
PL, Shadowing
1
NIR LD
(λ= 832 nm)
and (λ= 806 nm)
[78],
[84]
2008,
2009
Modified Ceiling-
Bounce Model (MCBM)
2 Empty rooms
of different sizes
Diffuse
h(t), H(0), H(f)
Drms, µτ , PL
1
NIR IRED
(λ= 800–900 nm)
[87] 2015
Ceiling-Bounce
Model (CBM)
Furnished
rectangular rooms
NDLoS h(t) 1
White LED
(λ= 380–780 nm)
[79]–
[82]
2014–
2016
Ray-tracing
(Zemax R©)
Empty/furnished
rooms of different
sizes and shapes
NDLoS H(0), Drms, µτ 1 ≥
White LED
(λ= 380–780 nm),
NIR IRED
(λ= 880 nm)
[88] 2013 Ray tracing Sports utility vehicle
NDLoS
and diffuse
h(t), H(f), Drms N/A
NIR IRED
(λ= 1330 nm)
[77] 1998
Monte Carlo
Algorithm
2 Empty rooms
of different sizes
Diffuse h(t), Drms 40
NIR LD
(λ= 832 nm)
[89] 1998
Modified Monte-
Carlo Algorithm
2 Empty rooms
of different sizes
Diffuse h(t), Drms 40
NIR LD
(λ= 832 nm)
[59] 2009
Modified Monte-
Carlo Algorithm
(Rhinoceros R© 3D)
Aircraft cabin
NDLoS
and diffuse
PL N/A
NIR IRED
(λ= 870 nm)
[90] 2010
Modified
Monte-Carlo
Empty rectangular
room and cubic
furnished office
NDLoS h(t), H(f), Drms 4
White LED
(λ= 380–780 nm)
[44]
[91]
2002 Spherical Model Rectangular empty lab
Tracked
and diffuse
H(f), PL 1 ≥ NIR LD
(λ= 993 nm)
[92]
[93]
2012,
2014
Spherical Model
Empty office
room
NDLoS
and diffuse
h(t), H(f) 1 ≥ White LED
(λ= 380–780 nm)
[94] 2005 Carruthers Model
11 Empty rooms of
different sizes
NDLoS
and diffuse
H(0), Drms, µτ 3
NIR IRED
(λ= 800–900 nm)
[66] 2007
HAYASAKA-ITO
Model
Empty rectangular
room
Diffuse
h(t), H(f),
PL
1st, 3 ≥ NIR LD
(λ= 784 nm)
[95] 2016
RS-GBSM
(One-ring)
Furnished Office
room
NDLoS
h(t), H(0),
Drms, µτ , Krf
1
White LED
(λ= 380–780 nm)
[80] 2016
RS-GBSM
(two-ring and ellipse )
Furnished Office
room
NDLoS
h(t), H(0),
Drms, µτ , Krf
3
White LED
(λ= 380–780 nm)
[96]
[58]
2015
2017
Ray-tracing
(Zemax R©)
Empty/furnished rooms
of different sizes
NDLoS
h(t), H(0), Drms
µτ , Bc, PL
8: Diffuse
14: Specular
White LED
(λ= 380–780 nm)
SNR: signal-to-noise ratio; RS-GBCM: regular-shaped geometry-based channel model; N/A: not applicable
2.5.1 Deterministic Channel Models
Deterministic channel models are usually based on the detailed description of specific
propagation environment, channel scenario, and the position and orientation of the Tx
and Rx. The CIR h(t) of the OWC system is obtained using intensive simulations that
incorporate details of propagation environments like rooms, offices, buildings, roads,
etc. Therefore, these models are site specific, physically meaningful and potentially
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Classification
Example
Figure 2.2: Classification of OWC channel models.
accurate. Below is a brief review of various approaches of deterministic channel models
for OWCs.
2.5.1.1 Recursive Model
This model was presented by J. R. Barry et al., [97], [36], [57]. The recursive ap-
proach is advised primarily to evaluate the CIR h(t) of multiple-bounce (more than
two reflections) for WIRC channels. It has been considered as an extension of the sin-
gle reflection cavity model which proposed by Gfeller and Babst in [16]. Here, much
interest has been given to recursive approach comparing with cavity model since it is
more comprehensive in terms of WIRCs channel modelling. In this model, the radia-
tion intensity pattern R (φ) for a particular Tx can be modelled using a generalised
Lambertian radiation pattern as [16]
R (φT) =
m+ 1
2pi
cosm (φT) , φT ∈ [−pi/2, pi/2] . (2.9)
Here, φT is the angle of irradiance which is commonly denoted as the Angle of De-
parture (AoD) and m is mode number of the radiation lobe, which specifies the direc-
tionality of the optical source. At the receiving side, the PD is modelled as an active
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area Ar collecting radiation which is incident at angle φR smaller than the PD’s FoV.
The incident angle is commonly denoted as the Angle of Arrival (AoA). Therefore,
the received optical signal is proportional to Ar cos(φR). Only rays that are incident
within PD’ FoV will be captured. For a particular optical source S and optical re-
ceiver R in a room with Lambertian reflectors, light from the Tx can reach the Rx
through direct or multiple paths (number of bounces). Therefore, the CIR h(t), scaled
by time domain, can be expressed as the superposition of the LoS and an infinite sum
of multiple-bounce components as [20]
h(t;S,R) = h0(t;S,R) +
∞∑
k=1
hk(t;S,R). (2.10)
Here, hk(t) is the CIR of the components undergoing exactly k reflections. The
LoS response h0(t) is approximately a scaled and delayed Dirac delta function δ(.)
expressed as [57]
h0(t) ≈ (m+ 1)Ar
2piDLoSTR
2 cos
m (φT) cos(φR) δ(t−DLoSTR /c). (2.11)
Here, DLoSTR and c are the Tx-Rx LoS distance and the speed of light, respectively.
The recursive approach is used to solve a given problem by breaking it up into smaller
pieces, solve it and then combine the results. Therefore, the implementation of this
algorithm is done by breaking the reflecting surfaces into numerous small Lamber-
tian reflecting elements ε (cells), each with an area ∆A as shown in Fig. 2.3. Each
cell plays the role of both an elemental receiver (εr) and an elemental source (εs).
Accordingly, hk(t) for higher-order terms (k > 0) can be calculated recursively and
approximated as [57]
hk(t;S,R) ≈
Nc∑
i=1
ρεrih
(0)(t;S, εri)~ h(k−1)(t; εsi, R)
=
m+ 1
2pi
Nc∑
i=1
cosm(φT)cos(φR)
(DNLoSTR )
2
× rect(2φR/pi) h(k−1) (t−DNLoSTR /c; si, R)∆A.
(2.12)
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Figure 2.3: Recursive channel model.
Here, the symbol ~ denotes convolution. While, Nc, ρ and si denote the number of
cells, cell reflectivity coefficient, and the position of each cell, respectively. According
to (2.12), in order to calculate hk(t;S,R), firstly, all possible h(k−1)(t; εsi, R) must be
calculated. Then directly apply (2.12) for the intended Tx. Fig. 2.4(a), illustrates
Barry’s approach for computing the CIR h(k) of multiple bounce (k > 0) recursively.
For example, if (k = 3), h2(t;S,R) can be obtained by first computing N impulse
responses of h1(t; εsi, ε
r
i). Using these to compute h
2(t; εsi, R). The latter result then
directly applied to (2.12) for the intended Tx.
After a gap of ten years, Barry’s model in WIRCs has been first extended to model
NDLoS VLC channels in order to make use of the existing power-line network for
VLCs [85]. The same researchers of the latter work have adopted Barry’s model in
VLCs considering up to second order reflection [86]. The previous study discussed the
effect of SNR and Rx FoV on data rate. Thereafter, many studies utilized the recursive
model for VLC channels, e.g., [55], [98], [86] without solid justification. An improved
recursive channel model for VLCs is presented in [99]. This model considers the
total path length including electrical signal path passing through a wiring topology in
addition to the optical wireless path. Authors in [100] generalised the Barry’s model
by including wavelength-dependent WLED characteristics and spectral reflectance
of indoor reflectors. Their study showed that VLCs provides a larger transmission
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Figure 2.4: Recursive and Iterative models.
bandwidth compared with WIRCs. It is worth mentioning that recursive model is still
used for VLCs channel modelling so far, e.g., [75]. In recursive approach, although
the reliability of results improves with the number of reflections taken into account,
the computing time increases exponentially. Moreover, when too few reflections are
taken into account, PL and bandwidth are systematically overestimated [44].
2.5.1.2 Iterative Model
Iterative based algorithm was introduced in [74] by J. B. Carruthers. In this method,
CIR h(t) calculation follows the basic methodology that outlined in [57] with exten-
sions for an arbitrary number of boxes inside the environment. The LoS CIR h0(t)
can be computed using (2.11). While, the k-bounce response hk(t) is given as
hk(t;S,R) ≈
Nc∑
i=1
ρεrih
(k−1)(t;S, εri)~ h0(t; εsi, R). (2.13)
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According to iterative algorithm, (2.13) can be applied with R = εrj to get
hk(t, S, εri ) =
Nc∑
j=1
αijh
(k−1)(t−Dij/c;S, εrj) (2.14)
where
αij = rect(2φR/pi)
ρεrj cos
m(φT,ij)cos(φR,ij)
P 2D2ij
. (2.15)
Here, the quantities φT,ij, φR,ij, Dij, and P denote the source’s angle to the receiver,
the receiver’s angle to the source, the source (εsi)-receiver (ε
r
j) distance, and cells
spatial partitioning factor, respectively. For example, if (k = 3), h2(t;S,R), can be
obtained by first computing Nc impulse responses of h
1(t;S, εri). Using these to com-
pute h2(t; εsi, ε
r
j). The latter result then directly applied to (2.13) for the intended Rx.
Fig. 2.4(b) illustrates iterative algorithm. It has been reported that the iterative
method is about 92 times faster compared with recursive method when three-bounce
considered [74].
2.5.1.3 DUSTIN Algorithm
In order to reduce the computational complexity of the previous models, the authors
in [67] developed an efficient simulation approach called DUSTIN algorithm. Similar
to recursive and iterative models, this approach was based on a discretization of the
reflecting surfaces into cells. However, in DUSTIN approach, the simulation has been
done by slicing into time steps rather than into a number of reflections. This method
was proposed to simulate the CIR h(t) of indoor WIRCs. DUSTIN algorithm was
considered faster compared with traditional iterative and recursive approaches [101].
For instance, in the recursive approach, the time required to compute hk(t) is roughly
proportional to Nkc [57], while it is proportional, in the DUSTIN algorithm, to N
2
c
and hence get the advantage of simulating any number of reflections. However, the
drawback of this approach is that it is incapable of adapting to different environ-
ments. This is due to wireless channel part calculations are saved in a disk file before
calculating the response of the Rx and hence it is considered as a site-specific model.
DUSTIN approach, on the other hand, has not been utilized in VLCs so far.
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2.5.1.4 Ceiling Bounce Model (CBM)
This model came up with a closed-form solution for the CIR h(t), PL, and Drms
of diffuse indoor WIRC channels [20], [83]. It was assumed that the Tx and Rx are
collocated. It is the most used approach in simulation because of its excellent matching
with the measured data and simplicity. Based on this model, WIRC channels can be
characterized only by the optical wireless channel PL and Drms. The diffuse CIR h(t)
based on CBM is given as [83]
h(t, a) = H(0)
6a6
(t+ a)7
u(t). (2.16)
Here, u(t) is the unit step function and a is environment related parameter, a = 2hc/c,
where hc is the height of the ceiling above the Tx and Rx. The delay spread and
approximate 3-dB cut-off frequency for the CBM are given by the following relations
Drms =
a
12
√
13
11
and f3−dB = 0.9254piDrms , respectively. It has been noticed that this model
can be more realistic with multiple reflections and it accurately models the relationship
between Drms and multipath power requirement for diffuse shadowed and unshadowed
channels by modifying a as detailed in [83]. On the other hand, when the LoS path
dominates, the unshadowed LoS CIR h(t) can be computed, based on cavity model,
as [16]
h(t) =
Ard
2
v
pi(DLoSTR )
4
δ(t−DLoSTR /c). (2.17)
Here, the Tx is a Lambertian of first-order and it is pointed down, while the Rx is
pointed up. For being simple and easy to use, CBM has been employed in VLCs.
For example, the authors in [87] utilized CBM to propose a grouped Discrete Fourier
Transform (DFT) precoding scheme for reduction of Peak-to-Average Power Ratio
(PAPR) for Orthogonal Frequency Division Multiplexing (OFDM)-based VLC sys-
tems.
35
Chapter 2: OWC Channel Measurements and Models
2.5.1.5 GBDMs Based on Ray-Tracing
Most advanced ray-tracing tools are based on the theory of Geometrical Optics (GO)
and the Uniform Theory of Diffraction (UTD) [102]. Ray-tracing computing all rays
for each receiving point individually, which is the most time-consuming part of a
prediction based on this method. For instance, in WIRCs, PL estimation requires
about 108 trials while estimating the CIR h(t) takes up to 1010 trials with subnanosec-
ond time resolution [91]. Based on a specific ray-tracing software, ray-tracing guar-
antees the specifications of the created environment including geometry, furnishing,
and the reflection characteristics of the surface materials as well as the specifications
of the Tx and Rx. There is a wide range of available free and licensed ray-tracing
software and their platform Operating Systems (OS) are listed in [103]. Moreover, as
will be seen later in this subsection, some site-specific ray-tracing software that devel-
oped in the field of image processing or illumination design purposes may be useful
for optical wireless channel modelling. In [104], ray-tracing based channel modelling
created similar results as Barry’s recursive model when the simulation is stopped after
three reflections. Furthermore, ray-tracing based on ray-quadrilateral intersection al-
gorithm was proposed for intra-vehicle channel modelling in order to investigate WIRC
channel characteristics in a Sport Utility Vehicle (SUV) of 15-passenger capacity [88].
In terms of VLC channel modelling, a pure ray-tracing based channel modelling for
VLCs has recently presented in [79]. In order to express the CIR h(t) of NDLoS
indoor VLC links in rectangular empty rooms of different sizes, the authors exploited
the ray-tracing features of a licensed optical software called Zemax R© [105]. Origi-
nally, Zemax R© is a windows-based software able to create a 3D indoor environment
where the main purpose of such software is optical and illumination system design.
The data which are created by Zemax R© are imported into Matlab R© to produce the
CIR h(t) through considering a proper normalization. The same work has been ex-
tended to consider empty rooms with L-shaped and circular shape, furnished rooms,
and different wall materials, i.e., brick, wood, and plaster [106]. More generalised
study for indoor VLC channel modelling is conducted in [82] including 15 different
NDLoS links. The latter studies have demonstrated that the presence of furniture
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leads to decrease channel DC gain and Drms. Furthermore, based on comparisons
between WIRC and VLC channels, the results further reveal that, for the same con-
figurations, DC gain and Drms of WIRC channels are larger than that of VLC channels.
In [96], ray-tracing using Zemax R© has been used for VLC channel modelling consid-
ering k = 8 in the case of purely diffuse reflections and k = 14 in the case of mostly
specular reflections. In that study, the relation between coherence bandwidth Bc and
Drms (for IR and visible light channels) was expressed through curve fitting. While
the authors in [58] have extended the work in [96] to model the PL for VLC channels.
Based on the above facts, ray-tracing requires a detailed description of the propaga-
tion environment and consequently cannot be easily generalised to a wider class of
scenarios, therefore, it is also considered as a site-specific model.
2.5.2 Stochastic Channel Models
In stochastic models, the impulse responses of OWC channels are characterized by the
law of wave propagation applied to specific Tx, Rx, and scatterer geometries, which
are predefined in a stochastic fashion according to certain probability distributions.
Compared to the deterministic, the stochastic approach offers increased flexibility,
reduced computational complexity, and considered as non site-specific but with lower
accuracy.
2.5.2.1 GBSMs
2.5.2.1.1 The Spherical Model
This approach was proposed to model WIRC channels that utilizing diffused link
configurations. The model provides a quick rule of thumb in order to approximate
prediction of optical wireless channel PL and H(f) for the higher order reflections
in indoor environments [44], [91], [104]. This model is inspired by the traditional
approach of Integrating Sphere (IS) photometry which is introduced in [107]. A simple
analytic formula for CIR h(t) is derived from the integrating sphere and scaled to a
specific room as detailed in [91]. Still, the LoS CIR h0(t) can be computed using (2.11).
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While, according to spherical model, the diffused CIR hdiff(t) is given as [20]
hdiff(t) =
Hdiff
τ
exp(−t/τd). (2.18)
Apparently, the CIR hdiff(t) is exponential with decay time τd. The term Hdiff denotes
diffused channel gain, which is expressed as
Hdiff =
Ar
Aroom
ρ
〈ρ〉 . (2.19)
Here, the paramerers Aroom and 〈ρ〉 denote the room area and the average reflectivity,
respectively. The latter parameter is defined as [44]
〈ρ〉 = 1
Aroom
∑
i
∆Ai × ρi. (2.20)
Here, the individual reflectivity ρi of the cells weighted by their individual areas ∆Ai.
Furthermore, the corresponding channel PL and H(f) have been derived. By using
spherical model, it is shown that a highly reflective geometry resulting in a high delay
spread, hence low channel bandwidth. In contrast, if the geometry reflectivity is low,
this leads to low delay spread and thus high channel bandwidth. The reliability of
the spherical model for WIRC channels for the higher order reflections has been con-
firmed by stochastic based ray-tracing simulation, which takes all diffuse reflections
into account [44], [91]. The spherical model, on the other hand, has been employed to
investigate VLC channel characteristics based on a new design of LED lighting [93].
While in [92], the accuracy of the spherical model for VLC channels has been examined
compared with Barry’s model. The simulation results showed that the impulse re-
sponse of the diffuse portion was overestimated when considering the spherical model.
Furthermore, the diffuse portion has no much influence on 3-dB bandwidth.
2.5.2.1.2 Carruthers Model
In this model, the channel responses were generated based on geometrical modelling
of indoor environments together with an iterative technique for calculating multiple
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reflections [94]. A comprehensive study has examined the characteristics of more than
80000 CIRs of indoor WIRC channels, which are generated using a channel simulator
called Infrared impulse response Simulator by Iteration (IrSimIt) [108]. It has been
demonstrated that LoS channels must be modelled separately from those fully diffuse
channels, which have no such path. Compared to [69], the study declared that the
LoS channel gain following a Modified Gamma Distribution (MGD) for DLoSTR < 0.4 m.
While the channel gain for LoS channels including all reflections, follows a Modified
Rayleigh Distribution (MRD) for most Tx-Rx distances. The channel gain is measured
in decibel (dB) and the fitting process is carried out using chi-square (χ2) goodness
test. Furthermore, the study has recommended a road-map for generating a stochastic
realistic impulse response for any given Tx-Rx separation in an indoor environment.
On the other hand, the authors in [109] have followed the similar methodology to
that used in [94] to model the channel gain and the Drms of diffuse channels. They
showed that the shifted lognormal distribution was the best distributions to model
diffuse channel gains while the gamma distribution was the best for diffuse Drms.
2.5.2.1.3 RS-GBSM
This models is widely used in RF channel modelling, e.g., [110]–[111]. In this model,
the effective scatterers are located on regular shapes, such as a ring, an ellipse [52]
or even a combination of both as reported in [110], in case of Two-Dimensional (2D)
models. While in case of 3D models, the effective scatterers are lying on a sphere or
an ellipsoid, e.g., [112], [111]. Different from physical scatterers, an effective scatterer
may include several physical scatterers which are unresolvable in delay and angle
domains [111]. RS-GBSM is a mathematically tractable approach, therefore, it has
been employed in VLCs. In terms of indoor VLC channel modelling, the authors
in [95] used 2D one-ring model to investigate VLC channel characteristics. The results
have been verified with [57] (configuration A). In [80], a 2D combined two-ring and
confocal ellipse model was proposed to model VLC channels. Simulation results have
shown comparable results with [40] up to three reflections. A 3D RS-GBSM combines
a sphere and an ellipsoid is proposed to characterise indoor VLC channels in [113].
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Whereas, in terms of outdoor VLC channel modelling, 2D and 3D RS-GBSMs have
been used to model vehicular VLC channels [114], [115].
2.5.2.2 Non-GBSMs
2.5.2.2.1 Monte Carlo Algorithm (MCA)
After a year of introducing DUSTIN algorithm, the same working group has intro-
duced MCA in order to further reduce the intensive computational effort required to
compute the CIR h(t) for indoor WIRC channels [77]. In MCA, the generalised Lam-
bertian radiation pattern is assumed and the same link configurations in [67] and [57]
(configuration A), are employed in order to compare the results. The simulation in
this method is neither sliced into a number of reflections as in [57], nor in time steps
as in [67]. It can be implemented through three steps: ray generation, wall process-
ing and calculation of the PD response. MCA allows evaluation of impulse response
for not only Lambertian (m ≥ 1) but also specular reflections. The computational
complexity and simulation time of Monte Carlo approach is less compared with the
recursive and DUSTN models [101]. However, the main drawback of MCA is that,
for a regular sized room, it requires to send many more rays than the number that
will be received. This is because that not all rays will be intercepted by the Rx.
Therefore, the same working group has developed MCA approach as detailed in the
next subsection.
2.5.2.2.2 Modified Monte Carlo algorithm (MMCA)
The authors in [77] developed MCA and came up with a mixed ray-tracing-Monte
Carlo algorithm for simulating multipath response for indoor WIRC channels [89].
The new method called Modified MCA (MMCA) which is faster and more accurate
than classic Monte Carlo method. This is due that MMCA ensures that each ray
contributes to the final channel response function each time it bounces off an obstacle.
MMCA was more accurate and faster enough to calculate the room dispersion within
few minutes, which is 20 times faster than DUSTIN algorithm [51]. In contrast with
the recursive model [57], MMCA, is faster and more concise algorithm to simulate
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the CIR h(t) for indoor WIRC channels. Its computational complexity is kNcNr,
where Nr is the number of rays [116]. MMCA is preferable in terms of reliability
but might be less efficient than cavity model [44]. In [117], MMCA is extended to
examine Phong reflection [118] model. Simulation results showed that the use of
Phong model can lead to differences compared to Lambert model in the evaluation
of the impulse response when surfaces exhibit a high specular component. The use
of Bidirectional Reflectance Distribution Function (BRDF) on MMCA is reported
in [119]. This is allowed for more general and accurate modelling of the reflection
properties of the different reflecting surfaces. In terms of WIRC channel modelling in
transportation means, the authors in [59] adopted Monte Carlo ray-tracing simulation
in order to estimate the PL of WIRC channels inside an aircraft cabin. The simulation
is performed based on a geometric computer-aided design (CAD) cabin model. On
the other hand, in terms of VLCs, MMCA based on the Lambert-Phong pattern for
single source and multiple source systems is presented in [90].
2.5.2.2.3 Modified Ceiling Bounce Model (MCBM)
The traditional CBM, however, ignored (as an approximation) the contribution of the
walls to the total CIR h(t). Therefore, the authors in [78] developed a MCBM based
on combining the traditional CBM in [83] with the stochastic model in [69]. MCBM
presents a more accurate CIR h(t) with less computational complexity compared to
the traditional CBM [84].
2.5.2.2.4 HAYASAKA-ITO Model
According to this model, the CIR h(t) of WIRC channels is decomposed into primary
reflection h1(t) (k = 1) impulse response and higher-order reflections hhigh(t) (k > 3)
impulse response [66]. Based on the used link design, the second-order reflection has
been neglected. The authors have selected the Gamma distribution to model h1(t)
and hence the normalized impulse response is given as [20]
h1(t) =
β−αshme
Γ(αsh)
tαsh−1 exp(− t
βme
). (2.21)
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Here, Γ(αsh) is the Gamma function while αsh and βme are characteristic parameters
related to the physical parameters of the channel. On the other hand, hhigh(t) has been
modelled using spherical model that was mentioned previously. The most important
outcomes of HAYASAKA-ITO model, that it has demonstrated that the bandwidth
characteristics are dominated by the response of the primary reflection rather than
the higher-order reflections, and the PL within the communications range does not
depends on the FoV of the Rx.
2.6 Summary
This chapter has provided a survey of OWCs in terms of evolution, features, channel
scenarios, and channel characteristics. Furthermore, we have comprehensively re-
viewed OWC channel measurements and models, primarily in the IR and visible light
spectra. It has been shown that NDLoS link configuration can be considered as the
most suitable link configuration for VLC technology. On the other hand, NDNLoS
is considered as the main link design for WUVC and WIRC technologies. However,
WUVCs rely upon the scattering from the particles in the atmosphere rather than
diffuse reflection in WIRCs and VLCs. For WIRCs and VLCs, the main optical chan-
nel characteristics that affect the OWC link performance have been studied, including
channel DC gain, RMS delay spread, frequency response, PL, and shadowing. Both
channel measurement campaigns and channel models have been classified according
to the environment, channel scenario, channel characteristics, the number of bounces,
and the operating wavelength. It has been noticed that most VLC channel models
have been extended from WIRC channel models, with the assumption that IR and
visible light bands have similar optical properties due to their contiguous wavelengths.
Therefore, we can conclude that more channel measurements in visible light spectrum
should be carried out and explicit generic VLC channel models should be developed
in order to adapt to a wide range of VLCs scenarios.
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A 2D Stationary One-Ring Single-Bounce
RS-GBSM for VLC Single-Input
Single-Output (SISO) Channels
3.1 Introduction
Although VLC channels exhibit a high degree of immunity to multipath fading, the
performance of VLC systems may potentially be degraded by channel distortions
and additive noise. Channel distortions due to path loss and multipath dispersion
and associated ISI and the interference with the ambient light considered the main
challenges that tackle VLC technology. The typical VLC link that using IM/DD is
depicted in Fig. 3.1. It comprises an optical source as the Tx and a large-area PD
as the Rx. The instantaneous optical intensity of the Tx is x(t). While y(t) is the
instantaneous current that can be produced by the PD, which is the product of the PD
responsivity Rλ and the integral over the PD surface. Based on propagation scenario,
the light arrives the Rx through LoS path, NLoS paths, or both.
In an indoor environment, the optical wireless channel can be modelled as a LTI
system with input intensity x(t), output current y(t), and an impulse response h(t),
which is fixed for a certain physical design for the Tx, Rx, and reflectors [83]. Here, the
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Figure 3.1: A generalised block diagram of VLC link using IM/DD
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Figure 3.2: Equivalent baseband model of an optical wireless system using IM/DD
background light noise can be modelled as Additive White Gaussian Noise (AWGN).
For An IM/DD-based optical wireless system, the equivalent baseband model that
hides the high- frequency nature of the optical carrier can be shown in Fig. 3.2.
Mathematically, the equivalent baseband model of an IM/DD optical wireless link
can be expressed as [20]
y(t) = Rλ x(t)~ h(t) + n(t) (3.1)
Here, ~ denotes convolution and n(t) is a signal-independent AWGN. A linear time-
invariant system is completely characterised by its CIR h(t) [52], [20], which is then
used to analyse and combat the effects of channel distortions. Therefore, the starting
point for capturing VLC channel characteristics is to propose an accurate channel
model and determine its CIR h(t).
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A considerable amount of work has been published in terms of channel modelling in
IR spectrum, e.g., [16], [35], [44], [57], [59], [67], [74]–[78], [83]. Some models have
been extended to VLCs such as [87], [90], [92], [93]. But visible light and IR bands
exhibit different characteristics, which necessitates the development of VLC channel
models. M. Uysal et al. investigated VLC channels using the deterministic ray trac-
ing approach based on Zemax R© in [58], [79]– [82], [96], [106], [120]. However, in this
thesis we initiate a new direction of research in optical wireless channel modelling,
primarily for VLCs. Here, we have extended the concept geometry-based channel
models which are proposed for RF channels to model VLC channels. To the best of
the authors’ knowledge, this is the first geometry-based model for VLC channels. A
nice feature of geometry-based channel models is that they allow a simple physical
interpretation. Geometry-based and conventional ray-tracing models share the com-
mon idea to determine the relevant rays from the Tx to the Rx. The key difference
between geometry-based and ray-tracing approches is that geometry-based channel
models assume the scatterers are randomly distributed according to a certain proba-
bility density function, while in the ray-tracing approach the scatterer locations are
stored in a database, and thus they are deterministic [52]. In terms of 2D channel
modelling, the most commonly reported geometry-based models are one-ring model,
two-ring model, ellipse model, and combined ellipse and two-ring model [52], [110].
Here, the first channel model forms the core of the present chapter.
This chapter is organised as follows. Section 3.2 describes the main components of a
typical VLC link. Section 3.3 presents the proposed indoor VLC system model. The
fundamental difference between radiometry and photometry concepts is presented in
Section 3.4. The new one-ring geometry-based channel model for VLCs is introduced
in Section 3.5. In Section 3.6, simulation results and analysis are presented. The
comparison between the proposed one-ring model and the existing models illustrated
in Section 4.6. Conclusions are finally drawn in Section 3.8.
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Figure 3.3: Typical VLC link-level.
3.2 VLC Link Model
The typical VLC link including the optical wireless channel is illustrated in Fig. 3.3.
At the optical transmitter front end, the baseband signal can be manipulated by
using a Digital Signal Processor (DSP). The resulting digital values are converted
to an analog current using a Digital-to-Analog Converter (DAC), and this current
is used to drive a LED or an array of LEDs to generate intensity-modulated light
signal. Depending on the desired communication scenario, the optical signal can be
passed through optical components in order to further shape the transmitted beam
such as an optical collimator or a diffuser that can be employed to concentrate or
broaden the beam, respectively. Thereafter, the optical signal is transmitted over the
optical wireless channel. Light can arrive the optical receiver through either direct
path (LoS), or indirect path (NLoS). In LoS scenario, the transmitted signal will be
attenuated due to free-space path loss. While in the case of NLoS scenario, there will
be additional optical losses due to absorption and reflection at the objects’ surfaces.
At the optical receiver front end, an optical filter can be deposited onto the concen-
trator surface or inserted between the concentrator and the PD. The optical filter is
normally used to reduce all out-of-band natural and artificial light signals. The optical
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filter is followed by a truncated spherical non-imaging concentrator, which is attached
to the PD in order to increase overall effective collection area. Using of optical filter
and concentrator can highly decrease ambient noise and increase the detected power,
respectively and thus improve SNR [20]. After detection, the optical signal is con-
verted back to an electrical current which in turn is converted to an analog voltage by
means of a Transimpedance Amplifier (TIA). Finally, an Analog-to-Digital Converter
(ADC) is used to digitize the signal in order to extract the original transmitted bits.
3.3 Indoor VLC System Model
The proposed indoor VLC system model is illustrated in Fig. 3.4. Here, the optical
source employs incoherent WLEDs as signal transmitters. Incoherent WLED lamps
can increase coverage area and alleviate the need for alignment with the receiver.
Here, both LoS and NDLoS communication scenarios are considered. WLED lamps
usually consist of a significant number of single chips, each presenting an angular
distribution following generalised Lambertian radiation pattern.
In terms of light source radiation pattern, for isotropic sources, the light intensity is
the same in all directions. However, for a flat radiating surface, known as a Lam-
bertian, the intensity falls off as the cosine of the observation angle with respect to
the surface normal. The radiation characteristics of LEDs are generally modelled by
means of a generalised Lambertian radiation pattern [1]. Likewise in radiation mode,
the reflection pattern can be modelled using a generalised Lambertian pattern when
reflecting surfaces defined as diffuse reflectors. A surface can be considered diffuse or
non-specular if the maximum height of the surface irregularities hsi conforms to the
following [20]
hsi >
λ
8 sinh(φR)
(3.2)
This roughness makes surface properties are independent of direction. Fig. 3.5(a)
illustrates ideal Lambertian reflector.
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Figure 3.4: The proposed indoor VLC system model.
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Figure 3.5: Normalized Lambertian pattern. (a) ideal Lambertian (diffuse) re-
flection. (b) Lambertian patterns with φ1/2 of ±10◦, ±20◦, and ±60◦, including the
respective Lambertian mode numbers m
The intensity angular distribution of generalised Lambertian pattern can be expressed
as [16]
R (φT) =
m+12pi cosm (φT) , φT ∈ [−pi/2, pi/2]0, φT > pi/2. (3.3)
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Table 3.1: Half-power angles φ1/2 and their respective m parameters
φ1/2 10
◦ 15◦ 20◦ 30◦ 40◦ 45◦ 50◦ 60◦ 70◦ 80◦
m 45.28 20 11.14 4.82 2.6 2 1.57 1 0.646 0.396
Here, φT is the AoD and m is mode number of the radiation lobe. Mode number can
be calculated as [16]
m = − 0.693
ln(cos(φ1/2))
(3.4)
Here, φ1/2 is the angle of half-power emission of the LED, namely it is the view angle
when radiant intensity is half of the intensity value at 0◦. Model number is specifying
the directionality of the optical source, where higher m means higher directionality of
the optical source. Most of LEDs have φ1/2 = 60
◦, namely m = 1 [39]. The concepts
of m and φ1/2 are illustrated in Fig. 3.5(b). Table 3.1 presents some m values for
various values of φ1/2 for a generalised Lambertian pattern [39].
On the other hand, at the receiving side, the PD is modelled as a photosensitive area
Ar as illustrated in Fig. 3.1. The PD is collecting the radiation incident at AoA φR
smaller than the PD’s FoV ΨFoV. Therefore, only rays that incident within ΨFoV will
be captured. The effective collection area Aeff of the PD is given as [16]
Aeff =
Ar cos(φR), 0 ≤ φR ≤ ΨFoV0, φR > ΨFoV. (3.5)
Consequently, the channel DC gain can be generalised based on the Lambertian source
of specific m, a PD with a certain Aeff , and at a specific distance between the optical
source and the PD. Channel DC gain is inversely proportional to the square of the
distance between the optical source and the PD (the inverse square law). As illus-
trated in Fig. 3.4, the PD can be integrated with end-user devices such as laptops or
smartphones.
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3.4 Photometry and Radiometry
Since VLCs are used for the dual propose of illumination and communication in a
specific environment, it is necessary to keep the light intensity within the standard
illumination criteria for that environment and to maintain the eye safety. The science
of measurement of light intensity is photometry rather than radiometry. Radiome-
try and photometry are twin scientific disciplines concerned with the measurement of
electromagnetic radiation. Radiometry is the science of measuring the radiation in
any portion of the electromagnetic spectrum including optical spectrum. While pho-
tometry is the science of measuring visible light in units that are weighted according
to the sensitivity of the human eye. This is due to the fact that the human eye is not
equally sensitive to all wavelengths of visible light [121]. When dealing with visible
light, we are mainly focusing on two types of information, namely, source information
and surface information. In terms of source information, the amount of light emanat-
ing from a light source within a solid angle of one steradian (sr) is called luminous
Intensity (I) and it is measured in candela (cd). Luminous flux (Φ), however, is often
the most common measurement used to compare different light sources and can usu-
ally be found written on the pack or in the data sheets of light bulbs. Luminous flux
unit of measurement is the lumen (lm). The difference between luminous Intensity
and luminous flux is that luminous flux is used to measure the amount of light emitted
in all directions as shown in Fig. 3.6.
In terms of surface information, the total luminous flux falling on a unit area of a
surface is termed illumination (E) or illuminance. Illumination unit of measurement is
lumen per square meter and commonly called lux (lx). Since it is a measurement from
the source of the light, the illumination is independent of the type of surface. However,
when the light bouncing off that surface towards the observer, the amount of light
reflected off the surface is called luminance (L) and measured in candela per square
meter (cd/m2). Different surfaces reflect light differently and hence, luminance is a
function of reflective characteristics for each surface. Fig. 3.6 illustrates the concepts
of photometric terms.
50
Chapter 3: A 2D Stationary One-Ring Single-Bounce RS-GBSM for VLC SISO
Channels
LED Lamp
Lumen, (lm)
Luminance, L (cd/m2)
Illumination, E (lx)
Observer
Figure 3.6: Photometric terms.
In order to fulfill the lighting function for the proposed VLC indoor system model,
the horizontal illumination Ehor is assessed within in the selected environment. The
luminous intensity for a Lambertian source is given as [86]
I = I(0) cosm(φT) (3.6)
The LoS Ehor at a point (x,y) is given as [98]
Ehor =
I(0) cosm(φT) cos(φR)
(DLoSTR )
2
(3.7)
Here, I(0) is the centre luminous intensity of the optical source and it is provided
by the manufacturers and DLoSTR is the LoS distance between the optical source and
the PD.
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3.5 Field of View (FoV) one-ring RS-GBSM
The key features of geometry-based channel models are that they provide a simple
physical interpretation due to their close relationship with physical channels (real-
world). Furthermore, they are mathematically tractable, flexible, and applicable to
a wide range of propagation environments [52]. In this chapter, VLC channel char-
acteristics, such as DC channel gain, RMS delay spread, and angular spread will be
studied using geometry-based modelling approach. This approach provides a reason-
able starting point to describe the distribution of scattering objects within an indoor
environment which is lit by a WLED lamp. Here, a new 2D stationary FoV one-ring
RS-GBSM for VLC SISO channels is proposed, as shown in Fig. 3.7. This model
is a developed version of the well-known one-ring model, which was first introduced
in [122] to model 2x2 radio MIMO wireless channels. According to this model, the
location of the Tx and the Rx, as well as the location of the of local scatterers are
geometrically described. Theoretically, the number of scatterers N is usually infinite
and they are randomly distributed in the 2D plane.
For convenience, let us now consider a general narrowband optical wireless system in
which the transmitter is a WLED lamp which acts as a fixed BS while the receiver
is a PD acts as an end user device. Each transmitted wave is further assumed to
be scattered (reflected off) only once. The FoV model is appropriate for describing
environments, in which the BS is elevated and unobstructed, whereas the receiver
is surrounded by a large number of local scatterers Sn(n = 1, 2, ..., N). In case if
the LoS link is interrupted, the receiver will receive signals from different directions
determined only by the distribution of the local scatterers. Unlike in classical one-ring
model, where the local scatterers are distributed around a ring centred on the Rx, in
the proposed FoV model, the local scatterers are distributed along an arc, with radius
RR, centred on the PD. Here, the arc boundaries are constrained by PD’s FoV ΨFoV.
The direct distance between the WLED lamp and the PD is denoted by DLoSTR , while
the indirect distance of nth transmitted light ray between the WLED lamp and nth
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Figure 3.7: The proposed FoV one-ring model.
local scatterer Sn is denoted by d
SB
n . The AoD of the nth transmitted light ray is
denoted by φT,n, and the corresponding AoA is described by φR,n (n = 1, 2, ..., N).
3.5.1 Reference Model for FoV one-ring RS-GBSM
In the proposed model, the LoS component of the CIR hLoS(t) is deterministic and
given as [35]
hLoS(t) =
(m+ 1) Ar
2pi(DLoSTR )
2
cosm(φLoST ) cos(φ
LoS
R ) δ(t−
DLoSTR
c
). (3.8)
Here, δ(.) is Dirac delta function and m = 1. In order to derive the reference model
based on the proposed geometry-based model that shown in Fig. 3.7, we suppose a
situation in which the nth light ray emitted from the WLED lamp travels over Sn
effective scatterers, which are lying on an arc of radius RR centred at the PD and then
impinge on the PD. The reference model is based on the assumption that the number
of local scatterers is infinite Sn(n = 1, 2, ...,∞). Consequently, the diffuse components
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at the PD can be represented as a superposition of an infinite number of plane waves
coming from different directions determined by the distribution of the local scatterers.
Each scatterer Sn introduces a gain Gn. This parameter is dependent on the surface
reflection coefficient ρ of the scatterer Sn and the direction of the nth incoming plane
wave. To simplify the reference model, we assume that each scatterer Sn introduces an
infinitesimal gain inversely proportional to the number of scatterers N , while directly
proportional to the reflection coefficient parameter ρ. Hence, Gn can be expressed as
Gn = ρ/
√
N . For SB path (Tx−Sn−Rx), the SB component of the CIR for the nth
transmitted plane wave traveling from the optical source, interacting with the local
scatterer Sn and then arriving at the PD, can be written as
hSB(t) = lim
N→∞
N∑
n=1
GnAR
pi(DSBn )
2
cos(φT,n) cos(φR,n). (3.9)
With the help of Fig. 3.7, the path lengths DSBn can be expressed as D
SB
n = d
SB
n +RR,
where dSBn can be determined by using the law of cosines as
dSBn =
√
R2R + (D
LoS
TR )
2 − 2RRDLoSTR cos(φSBR,n). (3.10)
Here, DSBn represents the total distance that the nth ray travels from the Tx via Sn
to the PD. From Fig. 3.7, the angle βSBR,n is the angle between φ
LoS
R and the φ
SB
R,n. The
symbols dv and dv represent the vertical and horizontal distances between the optical
source and the PD, respectively. Consequently, we have
βSBR,n =
φLoSR − φSBR,n , φLoSR > φSBR,nφSBR,n − φLoSR , φLoSR < φSBR,n. (3.11)
Likewise, at the optical source side we get
βSBT,n =
φLoST − φSBT,n , φLoST > φSBT,nφSBT,n − φLoST , φLoST < φSBT,n. (3.12)
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Since AoD φSBT,n and AoA φ
SB
R,n are interdependent for single bounced rays, the rela-
tionship can be expressed by applying the law of sines in the triangle Tx − Sn − Rx
to get
φSBT,n = arcsin(RR sin(φ
SB
R,n)/d
SB
n ). (3.13)
Therefore, if AoD φSBT,n is assumed, it will be straightforward to determine AoD φ
SB
R,n,
and the other way around.
3.5.2 Simulation Model for FoV one-ring RS-GBSM
The simulation has been carried out using MATLAB R©. For simulation purposes, the
number of partitions is set to 50 with special resolution 0.1 m and temporal resolution
0.5 ns. Office and meeting rooms with typical dimensions as reported in [20], [57], [96]
have been considered. Commercially available LEDs [123] and PIN PD [20] have been
used for simulation purposes. For both rooms, the Tx assumed to be located in the
centre of the ceiling. According to [52], the reasonable value of the number of discrete
scatterers N is in the range from 40 to 50 scatterers. Other simulation parameters
are given in Table 3.2.
Since the number of effective scatterers is assumed to be infinite, i.e., N → ∞, it
results in the infinite complexity and hence the reference model cannot be implemented
in practice. Therefore, a realizable simulation model that has a reasonable complexity,
i.e., only finite values of N is required. In this work, AoAs φSBR,n are realizations of
a random variable uniformly distributed over the interval (−ΨFoV,ΨFoV). Here, the
discrete AoAs φSBR,n have been computed using a modified version of Extended Method
of Exact Doppler Spread (EMEDS), which is reported in [52]. The modification is
done to make EMEDS fits the proposed FoV model. Modified EMEDS produces a
set of discrete AoAs
{
φSBR,n
}N
n=1
φSBR,n =
pi
N
(n− 1
2
) + φSBR,0, n = 1, 2, 3....N. (3.14)
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Table 3.2: Link parameters used in computer simulations.
Parameters Office Meeting Room
Width (W) 5 m 7.5 m
Length (L) 5 m 5.5 m
Height (H) 3 m 3 m
Reflection coefficient (ρ) 0.8 [57]
Source
Coordinates (x, y, z) 2.55, 2.55, 3 3.75, 2.75, 3
Elevation, Azimuth −90◦, 0◦
Mode number (m) 1 [123]
Photodiode
Elevation, Azimuth 90◦, 0◦
Area 1 cm2 [20]
Field of view (ΨFoV) 80
◦ [20]
Receive plane 1 m
Others
Arc radius (RR) 0.5 m
Number of scatterers (N) 40 [52]
Spatial resolution 0.1 m
Temporal resolution 0.5 ns
where φSBR,0 is called the angle-of-rotation. The EMEDS reveals its best performance
if the angle-of-rotation φSBR,0 is defined as [52]
φSBR,0 =
φSBR,n − φSBR,n−1
4
=
pi
4N
. (3.15)
3.6 Results and Analysis
3.6.1 Environment Illuminance
Since VLC technology is designed to provide illumination and data transmission con-
currently, lighting levels need to convenient based on environment size and the type of
activity inside that environment. This concept is termed as task lighting. For typical
offices or meeting rooms, daily tasks involve the use of computers, mobile phones,
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Figure 3.8: Illuminance (lx) of the office room with one WLED lamp located at
(2.55,2.55,3).
tablets, and high quality printed paper-reading. For such environments and in accor-
dance with the lighting standard [98], a 200-800 lx span is suitable to illuminate the
environment.
In terms of office room, the illumination was assessed at 1 m above the floor. Sim-
ulation results of applying (3.7) is illustrated in Fig. 3.9. The results clearly show
that the proposed environment has been lit with most effective task lighting within
the standard levels. Theoretically, based on above illumination distribution we can
estimate the number of LED chips that uniformly distributed per lamp. It has been
estimated that we need for 1000 LED chips of a maximum luminous intensity of 10
cd and φ1/2 angle of 120
◦ (commercially available LED chip) [123]. Furthermore, in
order to validate our results, this figure is comparable to the results in [124].
On the other hand, it is intuitive that one WLED lamp would be not enough to light
up the meetings room. Therefore, we suggested deploying four WLED lamps which
are located as detailed in Table 3.2. Fig. 3.9 illustrates the simulations results of the
suggested design. It can be seen that the environment has been well lit within the
standard illumination levels. Furthermore, simulations results showed a good match
with the experimental results in [20].
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Figure 3.9: Illuminance (lx) of the meeting room equipped with four WLED
lamps.
3.6.2 VLC Channel Characteristics
3.6.2.1 Channel Impulse Response
Regarding office room, the LoS component of the CIR is deterministic and can be
expressed in (3.8). Result shows that the hLoS(t) is a delta function scaled by 1.38×
10−5 at 2 m distance compared to infrared hLoS(t) of 1.2318 × 10−6 at 3.9051 m for
configuration (A) in [35]. Regarding LoS and SB components of the CIR, channel
characteristics have been examined in the office room at five different positions for
the PD within the office, namely, A, B, C, D, and E as illustrated in Fig. 3.10. The x-y
coordinates of the PD are given in Table 4.3. These coordinates represent the most
probable positions of the PD. Consequently, the corresponding impulse responses are
presented in Fig. 3.11.
It can be noticed from Fig. 3.11 that VLC channel can be characterised (under specific
reflection coefficient ρ assumption) firstly by the distance between the optical source
and the PD and secondly by the AoA with respect to the normal to the PD plane
where higher received power at shorter optical path and smaller AoA. The power is
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Figure 3.10: Top view of the proposed office room with different positions of the
PD.
seen to decrease for SB impulse responses; however, they tend to add a significant
amount to the total power as shown in Fig. 3.11. Also, the powers of SB components
arrive much later than that from LoS component. Furthermore, in terms of AoA
effect, Fig. 3.12 illustrates the behaviour of distance and AoA with respect to the PD
locations for the proposed model.
3.6.2.2 Channel DC gain
Optical wireless channel DC gain can be expressed as [20]
H(0) =
∫ ∞
0
h(t)dt. (3.16)
Channel DC gain in dB is related to the received power in dbW when 1 W is trans-
mitted [94]. Consequently, VLC channel gain in dB is given as [41]
PLLoS (optical dB) = −10 log10
(∫ ∞
0
h (t) dt
)
. (3.17)
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Figure 3.11: LoS and SB components of the CIR for links A, B, C, D, and E.
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Figure 3.12: AoA and Distance behaviour for links A, B, C, D and E.
For the LoS link scenario, the effect of free space distance and AoA are illustrated
in Fig. 3.13(a) and Fig. 3.13(b), respectively. These figures reveal that lower channel
loss can be obtained when the optical rays travel shorter path and impinge the PD at
closer AoA with respect to the normal of the PD plane.
In terms of the meeting room, the LoS channel gain in dB has been illustrated in
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Figure 3.13: VLC Channel gain in dB for LoS link with respect to (a) path
distance and (b) AoA.
Fig. 3.14. It can be noticed that the meeting room exhibits higher path loss com-
pared to office room due to longer optical path length. Therefore, VLC technology is
considered as a good candidate for future short-range communications.
In terms of SB link scenario, there are additional losses because, firstly, the SB optical
rays travel long distance compared to LoS path before impinging the PD. Secondly,
there is a portion of the optical energy will be absorbed by the scatterers, and the
rest is reflected back in a diffuse fashion towards the PD. Fig. 3.15(a) and Fig. 3.15(b)
illustrate VLC channel gain for link (C) when considering optical path length and
AoA, respectively. Compared with Fig. 3.13, it can be observed that the SB scenario
experiences higher losses. However, a different behaviour can be noticed since the
shorter optical path is not necessarily experiences lower optical loss. This is due to
the fact that the optical channel is characterised not only by path length but by
the AoA as well.
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Figure 3.14: VLC Channel gain in dB for LoS link in office and meeting rooms
with respect to optical path distance.
3.6.2.3 RMS Delay Spread
In addition to optical path length, AoD, and AoA, VLC channels are characterised
by delay spread. From Fig. 3.7, we can observe that the transmitted signal travels
over local scatterers along multiple paths before impinging on the PD from various
directions. Consequently, one major characteristic of a multipath channel is that the
optical wireless channel stretches the transmitted signal in time, so that the duration
of the received signal is greater than that of the transmitted signal. This effect is
known as temporal dispersion and it can be quantified by RMS delay spread Drms of
CIR h(t) as [53]
Drms =
√∫∞
−∞(t− µτ )2 h2(t)dt∫∞
−∞ h
2(t)dt
. (3.18)
Here, µτ is the mean delay spread: µτ =
∫∞
−∞ t h
2(t)dt∫∞
−∞ h
2(t)dt
. RMS delay spread is critical in
high-speed applications, where the maximum bit rate is Rb ≤ 1/10Drms [54]. Further-
more, multipath dispersion will set the limit on the symbol length that can be used
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Figure 3.15: VLC Channel gain in dB for SB scenario (link C) with respect to
(a) path distance and (b) AoA.
in order to avoid ISI [20]. Table 4.3 presents the corresponding mean delay spread
for links A–E. It can be observed that the delay spread increases as PD moves away
from the room centre when the optical source is fitted at the ceiling centre. The mean
delay spread µτ for the proposed VLC channel varies from 6.91 ns to 12.46 ns with
corresponding Drms 0.29 ns to 0.71 ns. Hence, the maximum achievable Rb vary from
140 Mbps to 340 Mbps. This, in turn, illustrates the impact of delay spread on the
achievable bit rate.
3.6.2.4 Rician Factor
As long as we still assume that the transmitted power is 1 W, the power ratio between
the LoS and SB components can be quantified by the Rician factor Krf as [20]
Krf =
PLoS
PSB
(3.19)
Rician factor and all aforementioned fundamental VLC channel characteristics for
links A, B, C, D, and E are detailed in Table 4.3. It can be seen the effect of the
63
Chapter 3: A 2D Stationary One-Ring Single-Bounce RS-GBSM for VLC SISO
Channels
Table 3.3: VLC channel characteristics.
Channel Characteristics
Link
Distance
(m)
PD
(x,y) H(0) µτ (ns) Drms(ns) Krf
A 2.0000 2.55,2.55 1.412e-04 6.9166 0.2954 1.02
B 2.3585 2.55,3.80 0.864e-04 8.3316 0.5048 1.59
C 2.6693 3.80,3.80 0.594e-04 9.5229 0.5979 2.32
D 2.8284 0.55,2.55 0.499e-04 10.1223 0.6313 2.76
E 3.4641 0.55,0.55 0.272e-04 12.4610 0.7136 5.07
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Figure 3.16: Time ACF of the LoS link.
position of the optical source and the PD with respect to each other in terms of optical
path length, AoD, and AoA. For instance, if the PD has been moved from the room
centre (Link A) to the corner (link E), the optical path length will increase and hence,
DC gain will be remarkably decreased. While Rician factor and RMS delay spread
will increase.
3.6.2.5 VLC Channel Time Correlation
Since VLC technology is a viable candidate for short-range indoor applications, it
is expected to encounter high correlation. Therefore, channel correlation is another
factor to characterise VLC channels since it highly affects VLC system performance.
Thus, in this subsection, the time Autocorrelation Function (ACF) of the LoS link
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will be investigated. The ACF can be expressed as [52]
rhLoSTR (∆t) = E[h
LoS
TR (t)h
∗LoS
TR (t+ ∆t)]. (3.20)
Here E[.] is the statistical expectation operator. Assuming that the user is moving at
a speed of 8.0 m/s, Fig. 3.16 shows that VLC channels can be highly correlated. This
is due the fact that IM/DD has no frequency and phase information. This key obser-
vation leads us to conclude that VLC channel correlation is more pronounced when
utilizing MIMO VLCs, and hence more efforts should be directed towards correlation
mitigation in MIMO VLC channels.
3.7 Comparison of One-Ring Model with the Ex-
isting Models
In terms of one-ring model validation, Fig. 3.17 compares the impulse response com-
putations of the proposed model with the recursive model [20], experiment results
in [57], and MCB model [78], [84]. The configuration and the transceiver positions
considered in the above computations were the same as in [57]. It is worthwhile em-
phasizing that the previous models were based on IR spectrum rather than the visible
light spectrum, therefore the same IR source and refractive index have been consid-
ered to verify the validation of the proposed one-ring model. From Fig. 3.17, it can
be seen that for the given transceiver positions the results obtained using one-ring
model match reasonably well with those obtained in [20], [57], [78], [84]. However,
the small differences between the tails of the proposed model and the other models
are due to the fact that we assumed the number of scatterers N=40. Therefore, for a
larger number of N , the results will be much better.
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Figure 3.17: Comparison of one-ring model with MCB model and recursive model
with the experimental results by Barry et al.
3.8 Summary
In this chapter, a new 2D stationary FoV one-ring RS-GBSM for VLC SISO channels
is proposed. IM/DD scheme is assumed for a specific indoor environment, consid-
ering LoS and SB components. VLC channel characteristics are analysed under the
constraint of PD’s FoV. It has been shown that VLC channel gain, delay spread, and
Rician factor (under specific reflection coefficient ρ assumption) of the proposed model
depend on the optical path length, AoD, AoA and the position of the PD. Our results
have further pointed out that VLC channels are highly correlated at the centre of the
environment and the correlation is decreasing gradually when moving away towards
the environment edges.
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A 2D Stationary Multiple-Bounce
RS-GBSM for VLC SISO Channels
4.1 Introduction
In Chapter 3, a new 2D stationary FoV one-ring RS-GBSM, which is considered the
LoS and SB components was proposed for VLC SISO channels. However, for a more
realistic channel model, higher-order reflections need be to be addressed and hence
the previous model should be developed. In this chapter, we expand the RS-GBSM
which employs a combined two-ring model and confocal ellipse model to model VLC
channels considering up to the third reflection. Two-ring and ellipse model was first
proposed in [110] for modelling MIMO channels in Mobile-to-Mobile (M2M) cellular
radio systems. However, it considers only first two primary reflections. Here we
developed the previous model to make it more generic and able to consider the third
reflection. In a similar way to that discussed in FoV one-ring model, in this model, the
effective scatterers are located on regular 2D shapes, namely, two rings and a confocal
ellipse. Consequently, the received signal is constructed as a sum of the following
components
1. The LoS component
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2. SB rays reflected off the effective scatterers located on either of the two rings or
the confocal ellipse.
3. DB rays reflected off the effective scatterers located on both two rings and/or
the confocal ellipse.
4. TB rays reflected off the effective scatterers located on both two rings and the
confocal ellipse.
Considering primary reflections in the extended version of the prototype model makes
the model sufficiently accurate, generic and adaptable to a variety of indoor scenarios.
RS-GBMB is mathematically tractable and to the best of the authors’ knowledge, this
is the first time that the combined two-ring and confocal ellipse model is proposed
to model VLC channels. Based on the proposed RS-GBSM, statistical properties of
VLC channels are then investigated, such as DC channel gain, delay spread, angular
spread, and Rician factor.
The rest of this chapter is organised as follows. Section 4.2 gives a general descrip-
tion of the proposed indoor environment including the optical source and the optical
receiver. Section 4.3 introduces the combined two-ring and confocal ellipse model for
VLC channels. In section 4.4, VLC channel coefficient is derived. In Section 4.5,
simulation results and analysis are presented. Conclusions are finally drawn in Sec-
tion 4.7.
4.2 Indoor VLC System Model
The system model is assumed to be a meeting room equipped with an incoherent
WLED lamp. In order to generate a visual presentation, the system model is de-
signed with the help of DIALux R© [125]; a 3D commercially available professional
light planning software. The proposed VLC link scenario is illustrated in Fig. 4.1.
Here, we assumed NDLoS VLC link configuration, which considers LoS and NLoS
propagation scenarios. DIALux R© is a 3D software tool that has been designed for
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Figure 4.1: Indoor VLC system model for a meeting room.
lighting planning, calculation, and visualisation. It is also supported with electronic
catalogues which enable the user to select and use a wide range of luminaires from dif-
ferent manufacturers. For example, the latest version of the Philips lamps database is
plugged-in DIALux R© electronic library. The philosophy behind using DIALux R© tool
is that to guarantee the lighting functionality in the proposed environment.
In terms of optical source, the radiation pattern is following the generalised Lamber-
tian radiation pattern which is expressed previously by (3.3). On the other hand,
at the receiving end, a PD is modelled as an active area Ar collecting the radiation
incident at angle φR smaller than ΨFoV. Here, AoD φT, AoA φR, mode number m,
and AReff have the same concepts being used in Chapter 3.
4.3 A Multiple-Bounce RS-GBSM
Since the characterisation of VLC channel is performed by its CIR, a well-defined
methodology to identify all the parameters that affect CIR and hence system perfor-
mance need to be clarified first. This methodology can be generalised by the following
steps.
1. Introduce the type of application: indoor, outdoor, underwater, etc.
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2. Specify the environment such as being offices, factories, hospitals and so on.
Here task lighting should be considered accordingly.
3. Stationary/non-stationary status of the optical source and optical receiver. Such
as being Fixed-to-Fixed (F2F), Fixed-to-Mobile (F2M), or M2M.
4. Specify link scenario: LoS, DLoS, NDLoS, or NDNLoS.
5. Identify the optical source /receiver positions, orientations, and specifications
such as radiation pattern and FoV ΨFoV.
6. Determine link’s parameters, such as the distance between the optical source and
the receiver, AoD, AoA, and the attenuation due to scattering and absorption.
7. Based on the information above, CIR can be generated.
8. Finally, once CIR is generated, VLC channel characteristics can be investigated
based on obtained CIR.
The generalised principle of generating CIR can be illustrated in Fig. 4.2.
In this section, we describe the proposed combined two-ring and confocal ellipse model
for VLC SISO channels. Let us now consider a general VLC system where the trans-
mitter is WLED lamp which acts as fixed BS while the receiver is a PD acts as end
user device. Fig. 4.3 illustrates the geometry of the proposed 2D multiple-bounce RS-
GBSM, which employs combined two-ring and confocal ellipse models. This model
guarantees SB, DB, and TB within combined two-ring and confocal ellipse model,
in addition to the LoS component. The definitions of key geometry parameters are
presented in Table 4.1.
Referencing to Fig. 4.3, the two-ring model is proposed to mimic the scatterers around
the Tx (denoted by p) and Rx (denoted by q) while the confocal ellipse model is
proposed to consider the walls within the indoor environment. Suppose there are
N1 local scatterers around the Tx lying on a ring of radius RT and the n1th (n1 =
1, ..., N1) local scatterer is denoted by S
n1 . Similarly, assume there are N2 local
scatterers around the Rx lying on a ring of radius RR and the n2th (n2 = 1, ..., N2)
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Figure 4.2: The generalised principle of generating CIR.
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Figure 4.3: A generic 2D RS-GBSM for indoor VLC channels combining a two-
ring model and a confocal ellipse model.
local scatterer is denoted by Sn2 . On the other hand, for the confocal ellipse model,
N3 local scatterers lying on an ellipse and the n3th (n3 = 1, ..., N3) local scatterer is
denoted by Sn3 . Ellipses are confocal, i.e., they have two common focal points (foci),
which in our case coincide with the position of the Tx and Rx, respectively. The
ellipse parameters ae and be are denoting the semi-major axis and semi-minor axis,
respectively (assuming be < ae). The distance between the Tx and Rx is D = 2fe
with fe denoting the half length of the distance between the two focal points of ellipse
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Table 4.1: Definitions of key geometry parameters.
Component Optical Path Distance
LoS p→q εpq
1- SB 11
2- SB 12
3- SB 13
1- p→n1→ q
2- p→n2→ q
3- p→n3→ q
1- RT+ ε
11
n1q
2- ε12pn2 +RR
3- ε13pn3 + ε
13
n3q
1- DB 21
2- DB 22
3- DB 23
1- p→n1→n2→ q
2- p→n1→n3→ q
3- p→n3→n2→ q
1- RT+ε
21
n1n2
+RR
2- RT+ε
22
n1n3
+ε22n3q
3- ε23pn3+ε
23
n3n2
+RR
1- TB 31 p→n1→n3→n2→ q RT+ε31n1n3+ε31n3n2+RR
and the equality a2e = b
2
e + f
2
e holds. According to combined two-ring and confocal
ellipse model, the CIR h(t), can be expressed as the superposition of the LoS and the
higher-order components reflected off the local scatterers as [126]
h(t) = hLoS(t) +
Ils∑
i=1
fIls (i)∑
g=1
hig(t). (4.1)
Here, (Ils ≥ 1) is the number of related local scattering areas, fIls(i) = Ils!(Ils−i)!×i! denotes
the total possible number of bonuses based on the number of local scattering areas,
and hig(t) represents the CIR of the gth scattered component consisting of i-bounced
rays. For example, h31(t) denotes the first TB component. For indoor VLC system
model shown in Fig. 4.1 with Ils= 3, the proposed model framework consists of the
LoS component, f3(1)= 3 SB components, f3(2)= 3 DB components, and f3(3)= 1 TB
component. The complexity in calculating the CIR grows as higher order reflections
are considered. On the other hand, the contribution of the higher order reflections to
the overall impulse response is significantly declining since
∥∥hk(t)∥∥→ 0, k →∞ [20].
It has been proved that the reflected power from the third bounce is very small, which
is less than 5% in most link configurations [40]. That’s why we consider the CIR for
only primary reflections (up to 3) and hence (4.1) can be rewritten as
h(t) = hLoS(t) + hSB(t) + hDB(t) + hTB(t). (4.2)
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In order to make the proposed model more practical, we assumed the following two
practical criteria: firstly, the i − th bounced rays are always bounced by Sni (i ∈
{1, 2, 3}) scatterers located in different local scattering areas from far to near relative
to the receiver [110]. Secondly, excluding the scatterers behind optical source and
out of ΨFoV. Based on these practical criteria, some i-bounced components are not
necessarily to be considered.
4.4 VLC Channel Impulse Response
In this section, the CIR components of (4.2) will be rewritten in more details according
to each link scenario within the proposed model.
4.4.1 The LoS Link
In the proposed model, the CIR of the LoS component is deterministic and given
as [35]
hLoS(t) =
(m+ 1) Ar
2pi(DLoSTR )
2
cosm(φLoST ) cos(φ
LoS
R ) δ(t−
DLoSTR
c
). (4.3)
Here, m = 1, while the parameters in (4.3) are already defined in the previous chapter.
4.4.2 Single-Bounce Link
In general, for NDLoS link scenario, each scatterer S(ni) introduces a gain G(ni). This
parameter is a function of the surface reflection coefficient ρ of the scatterer S(ni).
According to fIls(i) function, there are three SB subcomponents produced from Tx-
ring SB 11, Rx-ring SB 12, and confocal ellipse SB 13 models. In SB links, nth
transmitted plane wave from the optical source is interacting with the local scatterer
S(ni) once and then arrive the PD. SB subcomponents are detailed in the following
subsections.
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4.4.2.1 SB Components in Two-Ring Model
The first contribution of SB component of the CIR is produced from Tx-ring through
the link p−n1−q. The first SB component of the CIR for link SB 11 can be written as
h11(t) =
N1∑
n1=1
Gn1Ar
pi(εpq)2
cos(φSBT,n1) cos(φ
SB
R,n1
). (4.4)
Here, εpq denotes the total distance through different paths between the optical source
and the PD. According to Table 4.1, εpq can be given as
εpq = RT + ε
11
n1q
. (4.5)
Accordingly, the distance ε11n1q can be calculated by using the law of cosine in triangle
p− n1 − q as
ε11n1q =
√
(RT)2 + (D)2 − 2RTDcos(φT). (4.6)
In this study, we assume an isotropic scattering along Tx-ring characterised by a
uniform distribution of the AoD φT , i.e.,
P(φT) =
1
pi
, φT ∈ [−pi/2, pi/2]. (4.7)
The relationship between the AoD φT and corresponding AoA φR can be found by
using law of sines in the triangle p− n1 − q as follows:
φR = arcsin[
RT sin(φT)√
(RT)2 + (D)2 − 2RTD cos(φT))
]. (4.8)
Since AoD φT, AoA φR, and the total distance of link SB 11 are determined, h
11(t)
can be computed using (4.4).
The second probable optical path within the two-ring model will be through the link
p− n2− q, i.e., SB 12. In this case, the scatterers Sn2 are lying on the Rx-ring under
PD’s FoV restriction. Here, we have followed the same procedure above to calculate
ε12pn2 , AoA φR, scatterers coordinates along the Rx-ring and then h
12(t).
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4.4.2.2 SB Components in Ellipse Model
The last probable optical path will be within the confocal ellipse model through the
link p− n3 − q. The same assumption above (φR v U(0, 1/FoV), φR ∈ [0,FoV]) can
be used in confocal ellipse model. The SB component of the CIR for link SB 13 can
be written as
h13(t) =
N3∑
n3=1
Gn3Ar
pi(εpq)2
cos(φSBT,n3) cos(φ
SB
R,n3
). (4.9)
Based on pure ellipse properties, the distance εpq can be expressed as
εpq = 2ae = ε
13
pn3
+ ε13n3q. (4.10)
According to law of cosines in triangle p− n3 − q, the path length between the focal
point and a specific scatterer is given as
ε13pn3 =
√
(ε13n3q)
2 + (2fe)2 − 2(ε13n3q)(2fe) cos(φR). (4.11)
Based on ellipse properties and after some manipulation, we can get the path length
ε13pn3 as a function of AoA φR
ε13pn3 =
a2e + f
2
e − 2afecos(φR)
ae − fecos(φR) . (4.12)
Substituting (5.17) to (5.16), we get
ε13n3q =
b2e
ae − fecos(φR) . (4.13)
Applying the laws of sines to the triangle p− n3 − q in order to find the relationship
between the AoA φR and AoD φT for ellipse scattering region, we get
φT = arcsin[
b2e cos(φR)
a2e + f
2
e + 2aefecos(φR)
]. (4.14)
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Now, h13(t) can be determined by substituting AoD φT, AoA φR and path length 2ae
in (4.4). Once the path lengths ε13pn3 and ε
13
n3q
are calculated, the scatterers coordinates
can be determined either through xn3 = ε
13
n3q
cos(φR), yn3 = ε
13
n3q
sin(φR), or by using
intersection between the focal points and the ellipse.
4.4.3 Double-Bounce Link
According to fIls(i) function, there are three DB subcomponents produced from the
combined two-ring and confocal ellipse model, i.e., SB 21, SB 22, and SB 23. In terms
of DB components of the CIR, nth transmitted plane wave from the optical source
is interacting with the local scatterer S(ni) first, then reflecting off a local scatterer
S(ni) and then arrive the PD, here, i ∈ {1, 2, 3}. However, the first criterion, which is
referred in Section 4.3 must apply. DB subcomponents are detailed in the following
subsections.
4.4.3.1 DB Components in Two-Ring Model
The first DB components within the two-ring model are generated through DB 21
link. Here, both AoA and AoD are generated using the same methodology that used
in section 4.4.2. Each optical ray leaves the Tx with specific AoD will collide firstly
one of the scatterers which are lying on the Tx-ring. Secondly, the scattered secondary
rays will strike another scatterer located on the Rx-ring and then collide the PD with
random AoA. The DB component of the CIR for link DB 21 can be written as
h21(t) =
N1,N2∑
n1,n2=1
GniAr
pi(εpq)2
cos(φDBT,n1,2)
m cos(φDBR,n1,2). (4.15)
According to Table 4.1, εpq can be written as
εpq = RT + ε
21
n1n2
+RR (4.16)
Here, the distance, ε21n1n2 can be expressed as
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(ε21n1n2)
2 =(ε11n1q)
2 + (RR)
2
− 2(ε11n1q)RR cos(φn1R − φn2R ).
(4.17)
Furthermore, the optical path length that taken by each ray can be calculated geo-
metrically based on the scatterers coordinates along both Tx-ring and Rx-ring. The
scatterers coordinates along the Tx-ring are xn1 = RT cos(φT), yn1 = RT sin(φT).
On the other hand, the scatterer coordinates along the Rx-ring can be written as
xn2 = D − RR cos(φR), yn2 = RR sin(φR). Since the coordinates of each scatterer
have been determined, the optical path length can be obtained by applying trigonom-
etry and hence determine h21(t).
4.4.3.2 DB Components in Combined Model
Unlike the first DB component, the other two DB components are generated within
the combined two-ring and confocal ellipse model. These components are h22(t) and
h23(t), which are generated through links DB 22 and DB 23, respectively. The DB
components of the CIR for links DB 22 and DB 22 can be written as
h22(t) =
N1,N3∑
n1,n3=1
Gn2,3Ar
pi(εpq)2
cos(φDBT,n1,3)
m cos(φDBR,n1,3) (4.18)
and
h23(t) =
N2,N3∑
n2,n3=1
Gn2,3Ar
pi(εpq)2
cos(φDBT,n2,3)
m cos(φDBR,n2,3). (4.19)
Here, the distance εpq in (4.18) and (4.19) can be found with the help of Table 4.1.
Before going further in determining other path lengths, it is worth to mention that
there are equal distances shared between SB and DB, i.e., ε13pn3= ε
23
pn3
and ε13n3q= ε
22
n3q
.
Likewise, there are equal distances shared between DB and TB, specifically, ε22n1n3=
ε31n1n3 and ε
22
n3n2
= ε31n3n2 .
The optical path lengths ε22n1n3 and ε
23
n3n2
for DB component (or ε31n1n3 and ε
31
n3n2
for DB
component) can be determined by using the method of intersection between an ellipse
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and a line. By using this method, we can assume that the incident/reflected rays can
be represented by lines intercepted at the scatterer Sn3 (or x1n3 , y1n3 ). According to
the ellipse formula, if the centre of ellipse is moved by x = he and y = ke, the ellipse
equation can be written as [127]
(x− he)2
a2e
+
(y − ke)2
b2e
= 1 , ae > be. (4.20)
Slope-Intercept form of the line is given by
y = msx+ cint. (4.21)
Here, ms and cint are the slope of the line and y-axis intercept, respectively. The
intersection points are given by
x(1,2)n3 =
heb
2
e −msa2eε± aebe
√
a2em
2
s + b
2
e − δ2 − k2e + 2δke
a2em
2
s + b
2
e
(4.22)
and
y(1,2)n3 =
b2eδ + kea
2
em
2
s ± aebem
√
a2em
2
s + b
2
e − δ2 − k2e + 2δke
a2em
2
s + b
2
e
. (4.23)
Here, ε = cint − ke and δ = cint + mshe. The key assumption is that the scatterer
point (xn2 , yn2) at the Rx-ring should satisfy the equation of any line pass through
that point and hence
yn2 = xn2ms + cint. (4.24)
Here, xn2 = RR cos(φR), yn2 = RR sin(φR). In order to create a relation between the
two-ring and the ellipse scattering regions for double and triple bounces, we introduced
one more parameter, i.e., the Angle of Scattering (AoS) off the Rx-ring and it is
denoted by φS. Note that the AoD φT, AoS φS and AoA φR are independent for DB
and TB rays, while AoD φT and AoA φR are interdependent for SB rays. The angle
φS can be generated randomly and the slop in (4.24) is computed by
m = −tan(φS). (4.25)
78
Chapter 4: A 2D Stationary Multiple-Bounce RS-GBSM for VLC SISO Channels
While the y-axis intercept coordinate is
cint = yn2 − xn2ms. (4.26)
The coordinates of the above line can be obtained by substituting above coordinates
and equations (4.25) and (4.26), in (4.21) to get
y = x tan(φS) + [RR sin(φR)− (RR tan(φS) cos(φR) + fe)]. (4.27)
Based on above assumption, the path length ε23n3n2 (or ε
31
n3n2
) can be written as
ε31n3n2 =
√
(x1n3 − xn2)2 + (y1n3 − yn2)2. (4.28)
The path length ε22n1n3 (or ε
31
n1n3
) can be obtained as
ε31n1n3 =
√
(x1n3 − xn1)2 + (y1n3 − yn1)2. (4.29)
It can be noticed from (4.28) and (4.29) that only (x1n3 , y1n3 ) is considered, while
(x2n3 , y2n3 ) have been ignored. This is due to the fact that these optical paths do
match the second criterion that imposed in Section 4.3.
4.4.4 Triple-Bounce Link
Applying the criterion of (4.1) produces only one TB component, namely, h31(t), and
thus it can be expressed as
h31(t) =
N1,N2,N3∑
n1,n2,n3=1
Gn1,2,3Ar
pi(εpq)2
cos(φTBT,n1,2,3)
m cos(φTBR,n1,2,3). (4.30)
Here, fI(i) = 1 and εpq denotes the total distance considering triple reflections between
the optical source and the PD through link TB 31, as detailed in Table 4.1. Although
the TB h31(t) scattered components are less probable to be captured by the PD, they
are still contributing to the total scattered power. Furthermore, the effect of above
79
Chapter 4: A 2D Stationary Multiple-Bounce RS-GBSM for VLC SISO Channels
second criterion can be significant. In this case, each optical ray leaves the optical
source with specific AoD φT, will collide firstly one of the scatterers which are laying
on the Tx-ring. Secondly, the scattered secondary ray will strike another scatterer
that located on surrounded ellipse and thirdly, will collide with a scatterer which is
laying on the Rx-ring and then captured by the PD with random AoA φR within
ΨFoV. Consequently, based on the first criterion of Section 4.3, the only possible
optical path for TB component is p − n1 − n3 − n2 − q. The main parameters such
as AoD φT and AoA φR can be determined by following the same methodology that
used in subsections 4.4.2 and 4.4.3. Here, the optical path lengths ε31n1n3 and ε
31
n3n2
can be determined by using the method of intersection between an ellipse and a line
twice. Firstly between the Tx-ring and the ellipse and then between the ellipse and
the Rx-ring. Finally applying (4.30) in order to obtain h31(t).
4.5 Results and Analysis
In performing simulations, the entries of the environmental parameters are sum-
marised in Table 4.2. Based on the proposed combined tow-ring and an ellipse model,
VLC channel caracteristics will be investigated in this section. This is due to the fact
that the design, implement and operate an efficient VLC system requires that the
characteristics of the optical wireless channel are well investigated.
4.5.1 Channel Impulse Response
VLC channel gain is related to the average received power Pr as Pr = Pt H(0), Pt
denotes to the average transmitted power. It will be convenient to compare results
under the assumption that the transmitted power is 1 W. According to (4.2), the CIR
of VLC channel consisting of hSB(t), hDB(t), and hTB(t) in addition to the LoS compo-
nent, namely, hLoS(t). Firstly, the LoS hLoS(t) component and SB hSB(t) components
are illustrated in Fig. 4.4. In Fig. 4.4(a), all the components including the LoS one
are presented. While only SB hSB(t) components are shown in Fig. 4.4(b). The total
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Table 4.2: Model Parameters used in computer simulations.
Model Parameters
semi-major a & semi-minor b axes 3 m, 1.5 m
ρwall (Brick painted white) 0.8 [57]
ρscatterers 0.6
Optical Source Parameters
Type LG F3630TC1N5B [125]
Mode number (m) 1 [125]
Photodiode Parameters
Area (Ar) 1 cm
2 [20]
Field of view (ΨFoV) 80
◦ [20]
Other Parameters
Number of scatterers (N) 40 [52]
Ring radius (RT, RR) 1 m
power carried by SB components is presented in Fig. 4.4(c). Secondly, the DB hDB(t)
components are illustrated in Fig. 4.5. Fig. 4.5(a), illustrates all DB individually. On
the other hand, the total power carried by DB components is given in Fig. 4.5(b).
Thirdly, since there is only one probable TB component within the proposed VLC
channel model, Fig. 4.6 illustrates TB component hTB(t). Finally, since the CIR of
VLC channel based on the proposed model is the sum of all above components, the
total power which arrives the PD is presented in Fig. 4.7.
4.5.2 RMS Delay Spread
Due to the difference in propagation length of the various optical paths, the received
signal is dispersed over time. This will induce multipath temporal dispersion at re-
ceiving side. The temporal dispersion can be quantified by the channel RMS delay
spread Drms as (2.3) states. RMS delay spread is critical in high-speed applications,
where the maximum bit rate Rb ≤ 1/10Drms [54]. RMS delay spread results are
detailed in Table 4.3.
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Figure 4.4: VLC CIR (a) LoS and SB, (b) SB, and (c) Sum of SB.
4.5.3 Rician Factor
If we keep the assumption of the transmitted power as 1 W valid, the power ratio
between the LoS and the NLoS links can be quantified by the Rician factor, which is
given as [20]
Krf =
PLoS
PNLoS
. (4.31)
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Figure 4.5: VLC CIR (a) DB and (b) Sum of DB.
Table 4.3: VLC Channel Characteristics.
LoS SB 11 SB 12 SB 13 DB 21 DB 22 DB 23 TB 31
Received Power (W) 0.1146e-03 12.778e-06 11.239e-06 7.3638e-06 8.7387-06 1.4423e-06 1.643e-06 4.3894e-07
Mean Access Delay (ns) 16.7 17.129 17.158 26.7 17.743 27.966 29.161 29.722
RMS Delay Spread (ns) 0 0.47092 0.62552 0 0.90587 1.3227 1.8323 1.7832
K Factor 1 3.6517 9.6914 261.07
All above fundamental channel characteristics are presented in Table 4.3. In term
of channel DC gain, the theoretical total received power is 0.1582 mW. The LoS
components carry 0.1146 mW (72.42% of the total received power). While the powers
carried by SB 11 and SB 12 components are 12.778 µW and 11.239 µW, respectively,
and it is further decrease for SB 13 components to be 7.3638 µW because of the longer
path length and larger AoD and/or AoA that ellipse made with the Tx and/or Rx,
with respect to the normal on the Tx or Rx planes. Therefore SB components carry
31.38 µW (19.83%). On the other hand, for DB model, the power carried by DB 21
components is 8.7387 µW. It can be noted that the powers carried by DB 21 and
SB 13 components are close to some extent although DB 21 components have shorter
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Figure 4.7: VLC CIR of Combined model.
path length and this is due to the higher losses resulting from ρscaterer compared with
ρwall. DB 22 and DB 23 components carry 1.4423 µW and 1.643 µW, respectively
because of the long path length compared with DB 21. Hence DB components carry
1.1824 µW (7.47%). Finally, the power carried by TB 31 components is no more
0.43894 µW (0.28%) since it is pass longer path length and scattered triple.
In term of the RMS delay spread, it is obvious that the delay is related to the path
length. Furthermore it is worth to notice that DB 21 components arrive much earlier
than DB 22 and DB 23 components and hence overlapping with SB 11 and SB 12
components. Although, DB 21 carries less power compared with SB 11 and SB 12
as shown in Fig. 4.8, because they are scattered twice, some component have high
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Figure 4.9: Overlapping of DB 22, DB 23 and TB 31.
power since they have small AoD and/or AoA with respect to the normal on the Tx
or Rx planes. Accordingly, this will add a significant amount of power for total power
as shown in the sum of CIR in Fig. 4.7. Also, it is observed that DB 21 components
arrive even much earlier than that SB 13 as a result of shorter path length. Finally,
TB 31 components arrive later than all previous ones as illustrated in Fig. 4.6. We
can see that TB 31 components are overlapping with DB 22 and DB 23 components
as shown in Fig. 4.9, but have less power since they are scattered triple and have
less number of components and this latter can be interpreted as a result of the two
practical criteria mentioned above.
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4.6 Comparison of the proposed RS-GBSM with
the Diffuse Model
The proposed RS-GBSM have been validated in terms of received power percentage
per reflection as illustrated in Fig. 4.10. Simulation results showed a good agreement
with the results of the diffuse model in [40] for up to three bounces. Here, the
same transmitted power has been assumed for the purpose of validation. The slight
difference is due to that the reflectivity values in IR spectrum are larger than those in
visible light spectrum [120]. Furthermore, it can be seen that after the first bounce,
the contribution of lower reflectivity of visible light band affects received power. This
behaviour is also reported in [1] as the authors have shown that most materials have
a higher reflectance in IR spectrum rather than in visible light spectrum. Highly
reflective geometry encounters low path loss and hence high power will be received
from different propagation paths, resulting in high delay spread and low channel
bandwidth. Consequently, VLCs provide a larger transmission bandwidth compared
with WIRCs.
86
Chapter 4: A 2D Stationary Multiple-Bounce RS-GBSM for VLC SISO Channels
4.7 Summary
In this chapter, a new 2D stationary multiple-bounce RS-GBSM for VLC SISO chan-
nels has been proposed. The proposed model employs a combined two-ring and con-
focal ellipse model. This model is sufficiently generic and adaptable to a variety of
indoor scenarios since the received signal is constructed as the summation of the LoS,
SB, DB, and TB rays with different powers. Based on the proposed model, geomet-
rical properties have been derived and VLC channel characteristics have thoroughly
been investigated. Simulation results have validated the utility of the proposed model
compared with the existing models. Our results have demonstrated that the LoS com-
ponent can carry a significant amount of power compared with the primary reflections
(up to 3). However, the primary reflections tend to add to a significant amount as
they sum together. VLC channel characteristics of the proposed model such as channel
DC gain, RMS delay spread, and Rician factor have been investigated and analysed
with respect to optical path length, AoD/AoA, and scatterers and their reflection
coefficients.
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A 2D Mobile RS-GBSM for Vehicular VLC
SISO Channels
5.1 Introduction
The annual global road crash statistics revealed that nearly 1.3 million people die
in road crashes each year. Consequently, road traffic crashes account for 2.2% of all
deaths globally with an average of 3,287 deaths per day [128]. It considers as the
major cause of death among young people ages 15-29. Furthermore, between 20 and
50 million more people suffer non-fatal injuries, with many incurring a disability as
a result of their injury [129]. In terms of material losses, road crashes cost USD
518 billion globally every year [128]. Therefore, researchers have been focusing on
vehicular communication networks which enable the cars to talk to each other and
to the surrounding environment in order to exchange information to enhance road
safety and traffic efficiency towards accident-free driving. Over the last few years,
we have witnessed many research efforts towards the adaptation of R2V, V2R, and
V2V communications to the ITS. The first two scenarios of communication enable the
driver to access the Internet to get directions, road maps, congestions, and accidents
in real time. On the other hand, V2V communication enables cars to talk to each
other in order to exchange information that may be useful in facilitating road safety
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such as collision warning, lane departure, loss of stability, braking, speed, the direction
of travel and location. Furthermore, nowadays, the research efforts have been directed
towards what so-called Vehicle-to-Everything (V2X) technology. This includes V2V,
R2V, V2R, Vehicle-to-Device (V2D),Vehicle-to-Pedestrian (V2P), Vehicle-to-Home
(V2H), and Vehicle-to-Grid (V2G) communications.
Recently, Vehicular ad-hoc Network (VANET) technology provides tremendous poten-
tial to improve road safety, traffic efficiency, and ensure the safety and convenience of
drivers, passengers, and pedestrians. [130]. VANET uses Dedicated Short Range Com-
munications (DSRC)/Wireless Access in Vehicular Environments (WAVE) protocols
for fast data communication. In order to implement DSRC/WAVE standards, new
hardware need to be added. However, adding more hardware to the infrastructures
and cars is always an issue in terms of cost and power consumption. Therefore, the
idea is to take advantage of VLC technology in vehicular communications to introduce
what so-called VVLCs. Table 5.1 presents a comparison between the conventional RF
(DSRC) and vehicular VLCs systems.
Modern cars already have LEDs such as front headlights, tail lights, and wing mirror
flashers that can be used for data transmission. They also have PDs that used for rain
detection and the automatic activation of wipers as well as automatically switch-on
headlamps when the luminosity level drops. Cars are being equipped with both in-
side and outside cameras. Inside the car, driver attention monitoring and surveillance
cameras are used. Whereas outside car cameras are used for a number of applications
such as road signs reading, blind spot, backup (rear view) cameras, etc. [131]. Most
recently, the combination of VLC technology with a camera is termed as OCC sys-
tem [131]. However, there are two main concerns about the use of OCC: firstly, light
flickering due to the typical frame rate of a commercial camera, which is low (25–50
fps). Thus If the signal is transmitted at a low frequency using WLED, the human eye
will detect light flickering, which is not acceptable due to eye safety regulations [1].
Therefore such cameras are only suitable for video recording. Secondly, lower data
rate compared to PD-based systems which are widely used in VLCs [131].
89
Chapter 5: A 2D Mobile RS-GBSM for Vehicular VLC SISO Channels
Table 5.1: Comparison of VVLCs and RF (DSRC) technologies.
VVLC RF (DSRC)
Communication
Scenario
Mainly (LoS) LoS & NLoS
Distance SSS SSS, MSS, LSS
Cost Low High
New Hardware
Required
No Yes
Complexity Low High
Positioning
Precision
High (cm-level) Low
Interference
Optical (High)
Electrical (Low)
Electrical (High)
Environment-
friendly
Yes No
Data Rate hundreds of Mbps 27 Mbps
Carrier
frequency
380–780 THz 5.85–5.925 GHz
License Free Required
Mobility Low-Medium High
Security High Low
SSS: Small Spatial Scale (Tx-Rx distance < 300 m); MSS: Moderate
spatial scale (1 km>Tx-Rx distance > 300 m); LSS: large spatial scale
(Tx-Rx distance > 1 km)
The fact that new cars are equipped with cameras will pave the way for VVLCs. For
instance, the United States will require backup cameras to be installed in new cars
beginning in 2018. Furthermore, the transportation lighting infrastructure such as
street lamps, traffic lights, variable message boards, etc., are changing to LEDs, which
results in further cost reduction since no new infrastructure expense is required. As a
result, ubiquitous transmitters will be in the immediate vicinity of vehicles providing
ultra-reliable and low latency due to the short transmission distances [12].
On the other hand, this new technology is not a night technology as it would seem,
since it can be used in daytime, especially after the road safety legislative requirements
have been made. For instance, in 2008, European commission adopted a legislation
that all new cars will have to be equipped with Daytime Running Lights (DRLs) [132].
DRLs are designed to come on automatically when the engine is started [133].
The rest of this chapter is structured as follows. Section 5.2 presents the various
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existing VVLC channel models. Section 5.3 describes the proposed 2D RS-GBSM for
VVLC channels. Simulation results of the main VVLC channel characteristics and
their analysis are unveiled in Section 5.4. Conclusions are finally drawn in Section 5.5.
5.2 VVLCs Channel Models
In order to adopt VLCs in the ITS, detailed knowledge about the underlying propaga-
tion channel is indispensable to get optimum link design and performance evaluation.
A considerable amount of work has been done based on VVLCs in terms of R2V sce-
nario, such as traffic light control at intersections [134]–[136]. However, the previous
work considered only the LoS channel between the Tx and Rx. Such a channel model
is deterministically derived based on a specific scenario of application. In reality,
however, the received signal contains other NLoS components arriving from different
paths due to multipath propagation. The latter components result from reflections
off surrounding obstacles. Furthermore, a deterministic VVLC V2V and R2V chan-
nel models based on the ray-tracing method was proposed in [81], [137]. This model
requires a detailed and time-consuming description of the propagation environment
and consequently cannot be easily generalised to a wider class of scenarios. The au-
thors in [138], [139] have used geometry-based road-surface reflection model, which
considers LoS and NLoS components. The latter model ignored all other reflections
except that reflected off the road-surface, i.e., asphalt.
Another purpose of this thesis is to fill the above research gaps within vehicular VLCs
landscape. Therefore, in this work, we propose a new RS-GBSM that addresses all the
aforementioned shortcomings of the existing VVLC channel models. The proposed
model has already considered the light that reflected off moving vehicles around the Tx
and Rx and the stationary roadside environments. Due to their reasonable complexity
and mathematical traceability, RS-GBSM approach has widely been used in conven-
tional RF based vehicular cellular systems to mimic V2V channels such as [110]–[112].
However, channel knowledge obtained from conventional V2V based cellular radio sys-
tems cannot be directly used for V2V based VLC systems. Therefore, characterising
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of VVLC channels is one of the most important challenges that have to be addressed
before VVLC technology deployment. RS-GBSM approach has been employed to
model indoor VLC channels. The authors in [95] used the one-ring model for in-
vestigating indoor VLC channel characteristics. While in [80], a combined tow-ring
and confocal ellipse model was proposed to model indoor VLC channels considering
up to three reflections. Most importantly, it is worth to note that the shortage of
measurement-based channel models of VVLC, particularly for V2V scenarios, hinders
the progress of IEEE 802.15.7 standardization since it does not discuss any channel
parameter details that describe the reference channel model. Motivated by the above
research gaps, in this paper we propose a new mobile RS-GBSM that addresses all
the aforementioned shortcomings of the existing VVLC channel models.
5.3 A Mobile RS-GBSM for VVLC Channels
For Vehicular VLC Channels, there are three major elements should be modeled: the
road traffic, the environment adjacent to the road, and the wave propagation between
the vehicles. In terms of first and second elements, this paper considers a SSS VVLC
system model deployed in a typical urban canyon as illustrated in Fig. 5.1. Here,
the road environment includes dynamic road traffic such as moving cars, vans, and
trucks, as well as includes roadside environment, e.g., buildings, parked cars, road
signs, and trees. In terms of wave propagation between the Tx and the target vehi-
cles, there are further two key elements should be modeled, namely, the Tx pattern
and the Rx aperture size. In VVLCs, the Tx is usually an automotive LED headlamp.
Unfortunately, since VVLC technology is still in very early stages of research, a stan-
dard headlamp with measured beam pattern model does not exist yet. Furthermore,
the existing Halogen and gas discharge (Xenon) lamps are not suitable for intensity
modulation purposes. Therefore, an ideal Lambertian model is employed in this work.
The intensity angular distribution of generalised Lambertian pattern can be expressed
as (3.3). In this work, the optical receiver is assumed to be a non-imaging PIN PD,
which is equipped at the rear end of the vehicle. Preferring the PD is due to the
fact that the OCC experiences light flickering and provides low data rate compared
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Figure 5.1: A typical VVLC environment.
to PD-based systems widely used in VLCs [131]. The PD can be modelled using its
effective collection area as given in (3.5).
In terms of the optical wireless channel, Fig. 5.2 illustrates the geometry of the pro-
posed RS-GBSM for VVLC channels. The geometry of the proposed model is a
combination of a two-ring model and a confocal ellipse model considering SB and DB
two-ring model, SB ellipse model, in addition to the LoS component. The probable
optical paths and the definitions of key geometry parameters are presented in Ta-
ble 5.2 and Table 5.3, respectively. It worth mentioning that this model considers as
a special case of the combined two-ring and confocal ellipse model, which is proposed
in Chapter 4. Here, only SB and DB in addition to the LoS components have been
considered.
The two-ring scenario is proposed to model the scatterers around the Tx and Rx,
while the ellipse scenario is proposed to model the stationary roadside environments.
Suppose there are N1 local scatterers around the Tx lying on a ring of radius RT
and the n1th (n1 = 1, ..., N1) local scatterer is denoted by S
n1 . Similarly, assume
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Figure 5.2: A generic 2D RS-GBSM for vehicular VLC channels.
Table 5.2: Probable optical paths.
Component Optical Path Distance
LoS Tx→Rx D
1- SB− 11
2- SB− 12
3- SB− 13
1- Tx→Sn1→ Rx
2- Tx→Sn2→ Rx
3- Tx→Sn3→ Rx
1- RT +εSn1−Rx
2- εTx−Sn2 +RR
3- εTx−Sn3 + εSn3−Rx
DB− 11 Tx→Sn1→Sn2→ Rx RT+εSn1−Sn2 +RR
there are N2 local scatterers around the Rx lying on a ring of radius RR and the
n2th (n2 = 1, ..., N2) local scatterer is denoted by S
n2 . For the ellipse model, N3
local scatterers lying on an ellipse and the n3th (n3 = 1, ..., N3) local scatterer is
denoted by Sn3 . Ellipses parameters are already explained in chapter 4. The Tx
and Rx are moving with speeds υTx and υRx in directions determined by the angles
of motion γTx and γRx, respectively. At the Tx, the AoDs are denoted by φ
n1
T , φ
n2
T ,
and φn3T . While at the effective scatterers side S
n1 , Sn2 , and Sn3 the corresponding
AoAs and AoDs are denoted by θn1S , θ
n2
S , θ
n3
S , and φ
n1
S , φ
n2
S , φ
n3
S , respectively. On
the other hand, the corresponding AoAs of the waves that impinge on the Rx, are
designated by φn1R , φ
n2
R , and φ
n3
R . In the literature, many different distributions have
been proposed to characterize AoD φniT and AoA φ
ni
R , such as Gaussian and the von
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Table 5.3: Definitions of key geometry parameters.
DLoSTR distance between the centre of the Tx-ring and the centre of the Rx-ring
TR, RR radius of the Tx-ring and Rx-ring, respectively
a, b semi-major axis and semi-minor axis of the ellipse, , respectively
φ
(ni)
T (i = 1, 2, 3) angle of departure (AoD) of the waves that emitted from the optical source
φ
(ni)
R (i = 1, 2, 3) angle of arrival (AoA) of the waves that impinge the optical receiver
θ
(ni)
S (i = 1, 2, 3) angle of arrival (AoA) of the waves that impinge the effective scatterers
φ
(ni)
S (i = 1, 2, 3) angle of departure (AoD) of the waves that reflecting off walls the effective scatterers
γTx, γRx moving directions of the Tx and Rx in the x-y plane, respectively
υTx, υRx velocities of the Tx and Rx, respectively
εTx−ni distances from the Tx to scatterers ni, (i = 1, 2, 3)
εni−Rx distances from scatterers ni to the Rx, (i = 1, 2, 3)
εn1−n2 distances from scatterer n1 to scatterer n2
Mises distributions [110]. In this study, an isotropic scattering around the rings and
ellipse is characterized by a uniform distribution of the AoDs φniT and AoAs φ
ni
R .
Based on the proposed channel model, the CIR can be expressed as a superposition
of the LoS and NLoS components, as
h(t) = hLoS(t) + hNLoS(t). (5.1)
As mentioned in chapter 4, the complexity of calculating the CIR grows exponentially
with the number of reflections k, therefore, this work considers the CIR for only
primary reflections, i.e., SB and DB as well as the LoS component. Consequently, (5.1)
can be rewritten in more detail as
h(t) = hLoS(t) +
ISB∑
iSB=1
hSBi (t) + hDB(t). (5.2)
Here, ISB = 3 which means there are three subcomponents for SB rays, i.e., SB 11
from the Tx-ring, SB 12 from the Rx ring, and SB 13 from the confocal ellipse. For
the sake of a more practical VVLC channel model, the following two criteria have been
assumed. Firstly, we introduced the visibility function V (φR) at the Rx side, which
indicates that only the scatterers that located within PDs FoV will be considered.
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Visibility function V (φR) can be expressed as a function of PDs FoV ΨFoV as
V (φR) =
1 if 0 ≤ AoA φR ≤ ΨFoV0 if AoA φR > ΨFoV. (5.3)
Secondly, the i − th ray, in the double-bounce model, is always reflected off from a
far scatterer to a near scatterer, relative to the optical receiver. Therefore, some i-
bounced components are not necessarily to be considered making the proposed model
more realistic and practical. The LoS, SB and DB channels within the proposed model
will be more detailed in next subsections.
5.3.1 The LoS Link
In the proposed model, if the Tx and Rx are stationary, the LoS component of the
CIR is deterministic and given as a function of signal propagation delay between the
Tx and Rx as [35]
hLoS(t) =
(m+ 1)Ar V (φR)
2pi(DLoSTR )
2
cosm(φLoST )
× cos(φLoSR ) δ(t−
DLoSTR
c
).
(5.4)
However, if the Tx and Rx are moving, (5.4) can be rewritten as
hLoS(t) =
(m+ 1)Ar V (φR)
pi(D(t)TR)2
cosm(φLoST )
× cos(φLoSR ) δ(t−
D(t)TR
c
)
(5.5)
where
D(t)TR(t) = ε(t)TR − [ε(t)Tx − ε(t)Rx], υTx > υRx. (5.6)
Here, D(t)TR(t) determines the time-varying distance between the Tx and the target
Rx. While, ε(t)TR, ε(t)Tx, and ε(t)Rx are the initial Tx-Rx distance, Tx distance, and
Rx distance, respectively. If the Tx and Rx are moving with speeds υTx and υRx in
directions determined by the angles of motion γTx and γRx, then the distances ε(t)Tx
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and ε(t)Rx, can be given as ε(t)Tx = υTx× t×cos(γTx) and ε(t)Rx = υRx× t×cos(γRx),
respectively.
5.3.2 Single-Bounce Link
5.3.2.1 SB Components in Two-Ring Model
The first probable optical path within the two-ring model is SB 11. The AoD of the
nth transmitted wave is denoted by φn1T , and the corresponding AoA is described by
φn1R (n1 = 1, 2, ..., N1). The first SB component of the CIR for link SB 11 can be
written as
h11(t) =
N1∑
n1=1
(m+ 1) V (φR)
2pi(RT)2
cosm(φn1T ) cos(θ
n1
S )
× (m+ 1) Ar ρVehicles
2pi(εn1−Rx)2
cosm(φn1S ) cos(φ
n1
R )
× δ(t− εn1−Rx + RT
c
).
(5.7)
Similarly, the second SB component of the CIR for link SB 12 can be written as
h12(t) =
N2∑
n2=1
(m+ 1) V (φR)
2pi(εTx−n2)2
cosm(φn2T ) cos(θ
n2
S )
× (m+ 1) Ar ρVehicles
2pi(RR)2
cosm(φn2S ) cos(φ
n2
R )
× δ(t− εTx−n2 +RR
c
).
(5.8)
Here, ρVehicles denotes the reflection coefficient of the vehicles body. The angle φ
n2
T,max
in Fig. 5.2 designates the maximum AoD φn2T that can be seen by the Rx. This
quantity is related to RR and D by φ
n2
T,max = arctan(RR/D
LoS
TR ). From Fig. 5.2 and
based on the application of the law of cosines in appropriate triangles, we get
εn1−Rx =
√
(RT)2 + (DLoSTR )
2 − 2RTDLoSTR cos(φT) (5.9)
and
εTx−n2 =
√
(RR)2 + (DLoSTR )
2 − 2RTDLoSTR cos(θR). (5.10)
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Note that the AoD and AoA are correlated for SB rays in the proposed model. There-
fore, using the law of sines in appropriate triangles, we get
φR = arcsin[
RT sin(φT)
εn1−Rx
] (5.11)
and
φT = arcsin[
RR sin(φR)
εTx−n2
]. (5.12)
Equations (5.11) and (5.12) are valid for links SB-11 and SB-12, respectively. Hence,
(5.9) can be rewritten as
εn1−Rx =
√√√√(RT)2 + (DLoSTR )2 − 2RTDLoSTR
√
1− (RTsin(φR)
εTx−n1
)2. (5.13)
5.3.2.2 SB Components in Ellipse Model
According to the proposed model, there is one more probable optical path through
the ellipse model, i.e., link SB− 13. The SB component of the CIR for link SB− 13
can be written as
h13(t) =
N3∑
n3=1
(m+ 1) V (φR)
2pi(εTx−n3)2
cosm(φn3T ) cos(θ
n3
S )
× (m+ 1) AR ρRoadside
2pi(εn3−Rx)2
cosm(φn3S ) cos(φ
n3
R )
× δ(t− εTx−n3 + εn3−Rx
c
).
(5.14)
Here, ρRoadside denotes the reflection coefficient of the roadside substances.
The optical path lengths within the ellipse model can be derived based on pure ellipse
properties mentioned in Chapter 4. The total optical path through the confocal ellipse
model is
εTx−n3 + εn3−Rx = 2ae. (5.15)
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According to the law of cosines in triangle Tx − n3 − Rx, the optical path length
between the focal point Tx and a specific scatterer is given as
εTx−n3 =
√
(εn3−Rx)
2 + (2fe)2 − 2(εn3−Rx)(2fe) cos(φn3R ). (5.16)
Based on ellipse properties and after some manipulation, we can get the path length
as a function of AoA φn3R
εTx−n3 =
a2e + f
2
e + 2aefecos(φ
n3
R )
ae + fecos(φ
n3
R )
. (5.17)
Substituting (5.17) to (5.15), we get
εn3−Rx =
b2e
ae + fecos(φ
n3
R )
. (5.18)
Applying the law of sines to the triangle Tx−n3−Rx in order to find the relationship
between the AoA φn3R and AoD φ
n3
R for ellipse scattering region, we get
φn3T = arcsin[
b2esin(φ
n3
R )
a2e + f
2
e + 2aefecos(φ
n3
R )
] (5.19)
and
φn3T = arccos[
2aefe + (a
2
e + f
2
e ) cos(φ
n3
R )
a2e + f
2
e + 2aefecos(φ
n3
R )
]. (5.20)
For single-bounce in the two-ring model and the ellipse model, due to the microscopic
irregularities of the scatterers surfaces, the reflection pattern is assumed to be diffuse
and hence the reflected components can correctly be approximated using the Lam-
bertian reflection pattern. This model states that the total radiant power observed
from a Lambertian surface is directly proportional to the cosine of the angle between
the observer’s line-of-sight and the surface normal. Since there is no unique reference
surface normal that we can refer to, we assumed that the surface normal angles are
uniformly distributed over [φniT , φ
ni
R ]. Hence, the scattering angles can be characterized
as the following criterion
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φniT > θ
ni
S , φ
ni
S > φ
ni
R , i = 1, 2, 3. (5.21)
Accordingly, the angles pairs θn1S , φ
n1
S , θ
n2
S , φ
n2
S , θ
n3
S , and φ
n3
S can be obtained by
using trigonometry in triangles Tx − Sn1 − Rx, Tx − Sn2 − Rx, and Tx − Sn3 − Rx,
respectively. For instance, according to trigonometry in Tx-ring model, if φn1T and φ
n1
R
have been determined as detailed previously, the apex angle in triangle Tx−Sn1−Rx
can be determined accordingly. Hence, if θn1S is assumed as uniformly distributed,
φn1S represents the residual the of the apex angle. The same procedure is applied to
determine θn2S , φ
n2
S , θ
n3
S , and φ
n3
S . It is worth to notice that unlike in LoS scenario,
in SB scenario, the shortest optical paths are not necessarily carry more power than
other paths as will be noticed in Section 5.4. This is due to the effect of AoA and
AoD at the scatterers.
5.3.3 Double-Bounce link
In the DB scenario, the received power mainly comes from the DB rays which are
reflected twice, firstly at Tx-ring and then at the Rx-ring. The DB components within
combined two-ring and confocal ellipse model, i.e., the optical paths Tx-n1-n3-Rx and
Tx-n3-n2-Rx are ignored since they reflect less power compared to the two-ring model
as reported in [80]. This is due to the longer path length and lower reflectivity ρRoadside
of the roadside scatterers. The DB component of the CIR in the two-ring model can
be expressed as
h21(t) =
N1,N2∑
n1,n2=1
(m+ 1) V (φR) cos
m(φn1T ) cos(θ
n1
S )
2pi(RT)2
× (m+ 1) cos
m(φn1S ) cos(θ
n2
S ) ρVehicles
2pi(εn1−Sn2 )2
× (m+ 1) cos
m(φn2S ) cos(φ
n2
R ) AR ρVehicles
2pi(RR)2
× δ(t− DDB
c
).
(5.22)
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From the quadrilateral Tx-n1-n2-Rx, the distances DDB and εn1−n2 can be expressed
as
DDB = RT + εn1−n2 +RR (5.23)
and
(εn1−n2)
2 =(εn1−Rx)
2 + (RR)
2
− 2(εn1−Rx)RR cos(θn1R − θn2R ).
(5.24)
In the DB model, the AoA θniS and the AoD φ
ni
S (i = 1, 2) at an effective scatterer,
have been determined by using the distances εn1−Rx and εTx−n2 , in (5.9) and (5.10),
respectively. For example, to compute θn1S and φ
n1
S angles in Tx-ring, we use the law
of cosines to determine the apex angle in triangle Tx− Sn1 − Sn2 with help of (5.10).
Hence, if θn1S is assumed as uniformly distributed, φ
n1
S represents the residual the of
the apex angle. The same procedure is applied to determine θn2S and φ
n2
S in Rx-ring
by using law of cosines in triangle Sn1 − Sn2 − Rx with help of (5.9).
5.4 Results and Analysis
In performing simulations, the entries of the environmental parameters are summa-
rized in Table 5.4. The body of the vast majority of vehicles is made from steel.
Therefore, average painted steel reflectance ρVehicles will be considered. Likewise, for
roadside environment, average concrete reflectance ρRoadside has been selected. Ac-
cording to [52], the reasonable value of N parameter is in the range from 40 to 50.
The most important VVLC channel characteristics have been studied in below sub-
sections.
5.4.1 Received Optical Power
According to the proposed model, the total received optical power can be generally
expressed as
Pr = Pt [H(0)
LoS +H(0)SB +H(0)DB]. (5.25)
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Table 5.4: Model Parameters used in computer simulations.
Model Parameters
The initial Tx-Rx distance 70 m
Semi-major a & semi-minor b axes 36.5 m, 10 m
Ring radius (RT, RR) 3 m
Tx speed υTx 21.6 km/h
Rx speed υRx 14.4 km/h
Lane width 3.5 m [140]
Roadside width 2.2 m [141]
Vehicles reflectivity (ρVehicles) 0.8 [142]
Roadside reflectivity (ρRoadside) 0.4 [143]
I 7000 cd [144]
Mode number (m) 1
PD area 1 cm2 [20]
PD’s (FoV) 80◦ [20]
Number of scatterers 40 [52]
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Figure 5.3: Isocandela diagram of the median luminous intensities for a pair of
low-beam tungsten-halogen headlamps [144].
In terms of transmitted power Pt, since a standard LEDs headlamp with measured
beam pattern model is not available, we considered the luminous intensity I (cd) at
50% (median) of the low-beam tungsten-halogen headlamp in [144]. The isocandela
diagram of a pair of low-beam tungsten-halogen headlamps is plotted in Fig. 5.3 [144].
Also, we consider the luminous efficacy of radiation (LER) of a high power phosphor-
coated WLED to be 250.3 lm/W [138]. Thus the received optical power can be
expressed as
PRx =
I
LER
[H(0)LoS +H(0)SB +H(0)DB]. (5.26)
Let’s assume that both of the Tx and Rx are moving in the same direction, i.e.,
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Figure 5.4: Received optical power, hRx= 0.2 m, 0.4 m, and 0.6 m.
γTx = γRx = 0, but in different speeds, specifically, υTx = 6 m/s and υRx = 4 m/s
which are correspond to 21.6 km/h and 14.4 km/h, respectively. Note that, the speeds
are chosen to be within urban speed limits. In terms of LoS component, the received
optical power for different distances between the Tx and Rx is presented in Fig. 5.4.
Here we considered three different cases in which the PD is mounted at different
heights hRx, i.e., 0.6 m, 0.4 m and 0.2 m. The Tx is mounted at a 0.6 m height, which
is considered as the reference height. Note that in the first case the Tx and the Rx
are on the same plane, while there are 0.2 m and 0.4 m differences in the second and
third cases, respectively. Referring to Fig. 5.4, we can highlight the following. The
results show in general the received power decrease as the distance increase, which
is intuitively behaviour. But in terms of PD position effect, it can be noticed that
the received power is higher as Tx-Rx height difference increases. This is valid for
Tx-Rx distances longer than 20 m. However, before this, since the Tx-Rx distances
become shorter and shorter, the effects of both PD height and the observation angle
with respect to the PD surface normal are the direct result of changes in the received
power. We can also clearly observe that the received power displays peaks at very
short distance, specifically at 2 m, when there is Tx-Rx height difference. This can be
explained with the help of Fig. 5.3, where lower luminous intensities (cd) is obtained
due to the effect of the higher vertical angles.
For validation purpose, the simulation results based on Lambertian pattern showed
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Figure 5.5: Received optical power considering Lambertian headlamp and low-
beam tungsten-halogen headlamp hRx= 0.6 m.
good agreement with those obtained by measurements based on using a low-beam
tungsten-halogen headlamp in [138], as illustrated in Fig. 5.5. Here we assumed that
both the Tx and Rx are mounted at a 0.6 m height.
On the other hand, in terms of SB components, the received power from SB− 11 and
SB− 12 components for the two-ring model are shown in Fig. 5.6. Here, we delib-
erately use the time-domain to indicate SB components of the CIR for the proposed
channel model. It can be noticed, firstly, that SB− 11 components carry much power
than SB− 12 components. This is due to the PD’s FoV constraint, which states that
all the scatterers are within PD’s FoV. Secondly SB− 12 components have a longer
tail compared with SB− 11 because of the wider aperture of the optical source at the
Tx side. The last SB component results from the surrounding roadside environments
which are represented here by the ellipse model. The received power of SB− 13 com-
ponent is illustrated in Fig. 5.7, alongside SB − 11 and SB − 12 components. It can
be shown that the received power from SB− 13 is significantly lower as compared to
SB− 11 and SB− 12. This is due to two main factors: first, in the ellipse model the
optical rays travel longer distance than their equivalents in the two-ring model and
hence higher path loss. This also explains why SB− 13 comes later than the other
first two components. Second, since we assumed that ρRoadside represents the average
of concrete reflectance, a high portion of the incident power will be absorbed due to
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Figure 5.6: Received power from SB− 11 and SB− 12 components within the
two-ring model (t = 0, D = 70 m).
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Figure 5.7: Received power from SB− 11, SB− 12, and SB− 13 components
within the combined two-ring and confocal ellipse model (t = 0, D = 70 m).
the low concrete reflectivity. Consequently, the total power carried by SB component
within the combined two-ring and confocal ellipse model is illustrated in Fig. 5.8. It
is the sum of the power curried by SB− 11 and SB− 12, and SB− 13.
In terms of the DB component of the CIR, the received power is presented in Fig. 5.9.
Here, the results have been obtained at the initial distance only, i.e., t = 0 and
D = 70 m. Compared with SB components, it can be seen that the DB component
carry a significantly smaller amount of power. It is worthwhile to mention that there
are another probable optical paths for DB component within the proposed model as
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Figure 5.8: Total received power from the combined two-ring and confocal ellipse
models (t = 0, D = 70 m).
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Figure 5.9: Received power from DB 11 component within the two-ring model
(t = 0, D = 70 m).
detailed in [80] for indoor VLCs. For instance, one probable path can be scattered by
the scatterers of Tx-ring model then reflected off by the scatterers of the ellipse model.
In this study, such paths are not considered because they will be highly attenuated
and have insignificant contribution to the total power that arrives at the PD. Although
DB 11 component carries insufficient power, it comes earlier than SB 13 as it is clearly
shown in Fig. 5.10. This is due to the shorter path length in the two-ring model. The
SB and DB components of the CIR are shown in Fig. 5.10.
The previous discussion was based on the static condition assumption, i.e., t = 0
106
Chapter 5: A 2D Mobile RS-GBSM for Vehicular VLC SISO Channels
Time, t (ns)
222 224 226 228 230 232 234 236 238 240 242 244
R
ec
ei
ve
d 
op
tic
al
 p
ow
er
, p
 
(W
)
×10-8
0
0.5
1
1.5
2
2.5
3
SB-11
SB-12
SB-13
DB-11
t (ns)
232 242
p
 
(W
)
×10-13
0
2
4
6
DB-11
Figure 5.10: Received power from SB 11, SB 12, SB 13, and DB 11 components
for the combined two-ring model and ellipse model (t = 0, D = 70 m).
and D = 70 m. Let’s consider the dynamic condition in which both of the Tx and
Rx moving in the same direction with different speeds as detailed in Table 5.4. In
terms of SB components in the two-ring model, Fig. 5.11 shows the contribution of
the two-ring model when both the Tx and Rx are moving. Here the total power of
both SB 11 and SB 12 is considered at specific times. Since the Tx vehicle is moving
relatively faster than target Rx vehicle, the received power increases gradually. In
this case, the optical path lengths and both AoD and AoA are the main parameters
which are effects signal strength.
On the other hand, in terms of the DB component of the CIR in the dynamic mode,
simulation results have demonstrated that the received power between 2.7× 10−10 W
and 1.4 ×10−11 W, which are corresponding to Tx-Rx distance 20 m and 70 m, re-
spectively. The former distance represents the minimum distance to maintain DB
reflection between two cars. In order to summarise above discussions regarding re-
ceived power, Fig. 5.12 illustrates the relationships between the received optical powers
from LoS, SB, and DB components with Tx-Rx distances. The results are calculated
based on the given parameters when the PD is mounted at 0.6 m height.
Since it has been demonstrated that DB components are insufficient enough to be
used for further analysis, the rest of this work will focus on SB components.
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Figure 5.11: Received power form SB 11 and SB 12 component (the Tx and Rx
are moving, υTx = 21.6 km/h, υRx = 14.4 km/h, t = 0− 5 s).
Tx-Rx distance, D (m)
0 10 20 30 40 50 60 70
R
ec
ei
ve
d 
op
tic
al
 p
ow
er
, p
(W
)
10-12
10-10
10-8
10-6
10-4
10-2
LoS
SB
DB
Figure 5.12: The received optical power from LoS, SB, and DB components.
5.4.2 VVLC Channel Gain
In terms of channel gain in dB, let’s now evaluate the mean channel gain and the
distribution of channel gains at a particular distance, specifically 70 m. Following
channel gain definition in [94] and based on simulation data we will investigate propa-
gation characteristics for a large ensemble of scatterers locations with different angular
distributions. Consequently, the resultant channel gain distribution for the SB com-
ponents in the two-ring model is illustrated in Fig. 5.13. It can be noticed that the
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Figure 5.13: Channel gain (dB) for SB components in two-ring model.
mean channel gain is -76.73 dB.
In terms of analysing the resultant channel gain distribution in Fig. 5.13, we can notice
that the most potential distribution that fit the results is the Gaussian distribution.
To evaluate the channel model at the given distance, two methods have been used.
First, we performed a Cumulative Distribution Function (CDF) fitting method for
the resultant distribution. A Monte Carlo simulation of 106 iterations (realisations)
is carried out. In each realisation, the value of the AoD/AoA is randomly generated
following a uniform distribution. The resultant distribution is then verified by ap-
plying empirical CDF technique, which is a built-in function in MATLAB. The CDF
fitting result is illustrated in Fig. 5.14. Here, we can notice that the CDF fitting
method produces a good fit across all the channel gain samples. Secondly, we use
the χ2- goodness-of-fit test [145]. The χ2-test is generally used to test the hypothesis
that a function F (x) is the distribution of the sample population x1, x2, ....., xn. If the
sample population deviates too much from F (x) then that hypothesis will be rejected.
Here, we will perform the test on all groups of data for the distribution that obtained
from SB components in the two-ring model. The result of the simulation is analyzed
using χ2- goodness-of-fit test built-in function in MATLAB. According to that func-
tion, the test result is denoted by χ2.05, which means that the null hypothesis has been
estimated at the 5% significance level. Consequently, if χ2.05 is 1, the test rejects the
null hypothesis, while if the returned value χ2.05 = 0, that means the test does not
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Figure 5.14: CDF fitting for simulation results of VVLC channel gain.
reject the null hypothesis at the default 5% significance level. Based on our simulation
results, examining the normal distribution has passed the χ2-test. In terms of results
validation, it is worth mentioning that comparable results have been obtained in [94].
5.4.3 RMS Delay Spread
By following the same methodology which is used in Section 5.4.2, in this subsection,
the RMS delay spread model for the SB channels has been characterised based on
(2.3). Here, Gaussian distribution has been examined again to model VVLC channel
RMS delay spread Drms. In this context, Gaussian distribution has passed the χ
2-test
firstly. Secondly, we used the Probability Density Function (PDF) fitting method to
characterize the results with the theoretical PDF of Gaussian distribution as illus-
trated in Fig. 5.15. The last figure shows that the Gaussian is a good estimate for
RMS delay spread of SB components.
5.5 Summary
VLC technology considers as an alternative and complementary to the RF wireless
communications, not only for indoor applications but could also be used for outdoor
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Figure 5.15: Curve fitting of channel RMS delay spread histogram for SB com-
ponents in the two-ring model.
applications. Therefore, in this chapter, the potential of using VLC technology for
vehicular communication networks has been investigated. A new 2D mobile RS-
GBSM for vehicular VLC SISO channels has been proposed. In order to consider a
more practical scenario, a combined two-ring and confocal ellipse model is adopted.
VVLC channel characteristics are investigated through a large set of channel impulse
responses generated from the proposed RS-GBSM. The received optical powers for
LoS, SB, and DB components have been computed along different distances range
between 0–70 m. Furthermore, the LoS received power is obtained when the PD is
mounted at three different heights. While, in terms of SB components, the traditional
fitting methods have confirmed that the Gaussian distributions are the best fit for
channel gain in dB for SB components and RMS delay spread. Finally, the results
have indicated that the DB components carry inconsiderable optical power.
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A 3D Mobile RS-GBSM for Vehicular VLC
Multiple-Input Single-Output (MISO)
Channels
6.1 Introduction
In Chapter 5 we have proposed a 2D mobile RS-GBSM for vehicular VLC SISO chan-
nels. However, in reality, optical waves are propagating in three dimensions and hence
the variations in both vertical and horizontal planes should be considered. Therefore,
3D channel model is more accurate to characterise VVLC channels, particularly for
Small Spatial Scale (SSS) communications. Consequently, in this chapter, we pro-
pose a new 3D mobile RS-GBSM for non-isotropic VVLC MISO channels. Unlike 2D
models, in 3D models, the effective scatterers assumed that they are lying on a 3D
regular shape such as a sphere or a cylinder. The proposed 3D RS-GBSM combines a
two-sphere model and a confocal elliptic-cylinder model and considers both LoS and
SB components. According to the proposed model, we assume that both Left-Side
Headlight (LSH) and Right-Side Headlight (RSH) have identical output light distri-
bution. Thus, the received power is composed of LoS and NLoS components. It is
worth to mention that the NLoS components are resultant due to the reflection of
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LSH and RSH lights across both two-sphere and elliptic-cylinder models. Therefore,
the proposed model can be introduced as a new 3D VVLC MISO channel model. Due
to their reasonable complexity and mathematical traceability, RS-GBSM have widely
been used in conventional vehicular cellular systems to mimic V2V channels in 3D
such as [112], [111], [146]. It is worth mentioning that in order to significantly reduce
the complexity of the 3D RS-GBSM, only the SB rays via scatterers on the two-sphere
model and the elliptic-cylinder model are considered. To conclude, in this chapter, the
development of optical wireless channel modelling and simulations are becoming more
and more comprehensive and effective through the development from 2D to 3D, from
isotropic to non-isotropic, and from SISO to MISO towards more generic, realistic
and adaptable channel model for VVLCs.
The rest of this chapter is structured as follows. Section 6.2 describes the proposed
VVLC MISO system model including the headlamp and optical receiver models. In
Section 6.3, the description of the proposed 3D RS-GBSM and the related geometric
derivations are presented. Section 6.4 presents the investigated VVLC channel char-
acteristics based on using von Mises-Fisher (VMF) distribution. Simulation results
and analysis are unveiled in Section 6.5. Conclusions are finally drawn in Section 6.6.
6.2 MISO VVLC Model
6.2.1 VVLC System Model
A typical VVLC environment and the corresponding geometrical description of the
proposed VVLC MISO system model with the LoS and SB rays is illustrated in
Fig. 6.1. In terms of the road traffic, here we consider a SSS VVLC system model
deployed in a typical urban canyon environment. In this study, only the SB is con-
sidered since the power which is carried by the DB rays is significantly low as it has
been demonstrated in the previous work [114], and hence can be ignored especially for
outdoor VLCs applications. While in terms of optical wireless channel propagation
between the Tx and Rx, we assume that all the effective scatterers are located on 3D
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Figure 6.1: A typical VVLC environment and the corresponding geometrical
description
regular shapes, i.e., two spheres and a confocal elliptic-cylinder. Different from physi-
cal scatterers, an effective scatterer may include several physical scatterers which are
unresolvable in delay domain [111]. The two-sphere model proposes first and second
spheres that model the scatterers around the Tx and Rx, respectively. These scatter-
ers include adjacent moving cars, vans, and trucks. While the elliptic-cylinder model
is proposed to model the stationary roadside environments such as buildings, packed
cars, road signs, and trees.
In order to introduce the problem of MISO channel modelling, we assumed that
VVLC MISO system consists of LSH and RSH headlights with transmitted power of
PTx−LSH and PTx−RSH, respectively. While at the receiving side, a non-imaging PIN
PD is considered. For OWCs, channel effect is completely characterized by its CIR
h(t) [57]. Since each Tx will be connected with the Rx through transmission links
(subchannels), therefore, the detailed CIR of the LSH and RSH can be expressed as
h(t)L = h
LoS
L (t) +
N∑
n=1
hi,jL (t) +
N∑
n=1
hi,jL (t) +
N∑
n=1
hi,jL (t) (6.1)
and
h(t)R = h
LoS
R (t) +
N∑
n=1
hi,jR (t) +
N∑
n=1
hi,jR (t) +
N∑
n=1
hi,jR (t). (6.2)
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Note that L/R denotes LSH/RSH throughout this chapter. Here, i = 1, 2, which
means we consider the contributions from both left side and right side surroundings
for each headlight. Here, i = 1, for the left side surroundings, while i = 2 for the right
side surroundings. On the other hand, j = 1, 2, 3 denotes there are three components
for SB rays, which arrive from the Tx-sphere, the Rx-sphere, and the elliptic-cylinder
models, respectively. Consequently, the total received power for the proposed MISO
VVLC system is generally defined as
Pr = H(0)L Pt,L +H(0)R Pt,R. (6.3)
Here, H(0)L and H(0)R represent the DC channel gains (as expressed in (3.16)) of
left headlight and right headlight, respectively. If we assume that both headlights are
transmitting the same power, (6.3) can be rewritten as
Pr = Pt [H(0)L +H(0)R]. (6.4)
Equation (6.4) represents the most general equation for describing the received optical
power of the proposed system model.
6.2.2 Headlamp Model
According to the final report from European Commission in [147], the advanced head-
lights must be designed to maximize clarity of the roadway whilst minimizing the
glare toward oncoming vehicles. Therefore, the pattern of light produced by head-
lamp is of vital importance in VVLCs. Headlamps can produce high-beam pattern for
long-distance visibility on roads with no oncoming car, and low-beam pattern which
provides maximum forward and lateral illumination. In this work, we consider low-
beam headlight since our system model has been proposed in a typical urban canyon
environment. The illuminance E that can be captured at a specific Rx located at a
specific distance of interest, can be expressed as [148]
E =
I(αT, βT) cos(φR)
(DLoSTR )
2
. (6.5)
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Figure 6.2: Isolux diagram of a Xenon lamp
Here, E is the illuminance (lx), I(αT, βT) is the luminous intensity in unit of can-
dela (cd), αT and βT are the azimuth and elevation angles of Tx radiation pattern, re-
spectively, DLoSTR is the Tx-Rx distance, and φR is the angle between the light-receiving
surface normal and the light incident direction. For instance, the illuminance pattern
of a headlamp equipped with a Xenon lamp is presented in Fig. 6.2. This diagram
is called an Isolux diagram where lines indicate illuminance E levels in steps. In this
example, the illuminance reaches a maximum as 100 lx at the front of the car and
minimum of 1 lx at the outer line. However, such illuminance patterns are asym-
metrical, therefore usually, the value of I(αT, βT) for a specific luminaire and specific
range of αT and βT can be provided based on measurements campaign to produce
what so called I-table. For instance, I-table for standard tungsten-halogen headlamp
is presented in [144]. Since the existing Halogen and Xenon lamps are not suitable
for intensity modulation purposes, whereas no I-table available for advanced LED
headlights, we assume that the radiation patterns of both LSH and RSH are following
the generalised Lambertian radiation pattern.
6.2.3 Optical Receiver Model
On the other hand, in terms of optical receiver, a non-imaging PIN PD is considered.
The PD is modelled as an active area Ar collecting the radiation incident at angle φR
smaller than ΨFoV, as expressed in (3.5). In order to increase overall effective collection
area for outdoor VLC applications, truncated spherical non-imaging concentrator,
i.e., lens is attached to the PD. The optical gain G(βR) that can be obtained by the
116
Chapter 6: A 3D Mobile RS-GBSM for Vehicular VLC MISO Channels
concentrator is given as [20]
G(βR) =

n2ind
sin2(βR)
, 0 ≤ βR ≤ ΨFoV
0 , βR > ΨFoV.
(6.6)
Here, nind denotes the refractive index of the concentrator. Furthermore, an optical
filter with T (βR) transmission coefficient can be deposited onto the concentrator sur-
face or inserted between the concentrator and the PD. The optical filter is normally
used to reduce all out-of-band natural and artificial light signals. Using of optical
concentrator and filter can highly increase the detected power and decrease ambient
noise, respectively, and thus improve system’s SNR.
6.3 A Mobile RS-GBSM for VVLC MISO Chan-
nels
In this study, the propagation environment is characterized by 3D effective scattering
with LoS and NLoS components between the Tx and Rx. Fig. 6.3 and Fig. 6.4
illustrate the proposed 3D mobile RS-GBSM for vehicular VLC MISO channels. This
model is the combination of LoS component, SB two-sphere model, and SB elliptic-
cylinder model. For readability purposes, Fig. 6.3 only shows the geometry of LoS
component and the SB elliptic-cylinder model. The detailed geometry of the SB two-
sphere model is shown in Fig. 6.4. In order to describe the proposed model, suppose
there are N1 effective scatterers around the Tx are lying on a sphere of radius RT and
the n1th (n1 = 1, ..., N1) effective scatterer is denoted by S
n1 . Likewise, assume there
are N2 effective scatterers around the Rx are lying on a sphere of radius RR and the
n1th (n1 = 1, ..., N2) effective scatterer is denoted by S
n2 . For the elliptic-cylinder
model, N3 effective scatterers are lying on an elliptic-cylinder with the Tx and Rx
located at the foci and the n3th (n3 = 1, ..., N3) local scatterer is denoted by S
n2 .
Ellipse parameters and related relationships are already defined in Chapter 4. Here,
the focal points (foci) coincide with firstly, the mid-distance between the headlights,
i.e., p and secondly, the position of the Rx, which is denoted by q. The definitions of
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Table 6.1: Definitions of key geometry parameters.
DLoSTR LoS distance between the centre of Tx-sphere and the centre of the Rx-sphere
RT, RR radius of the Tx and Rx spheres, respectively
2δ spacing between the LSH and the RSH
a, b semi-principal axes of the ellipse
θT, θR orientation of the Tx and Rx the x-y plane, respectively
φT, φR elevation of the Tx and Rx relative to the x-y plane, respectively
vT, vR the speeds of the Tx and Rx, respectively
γT, γR moving directions of the Tx and Rx in the x-y plane, respectively
α
(ni)
T (i = 1, 2) azimuth angle of departure (AAoD) of the waves that impinge on the effective scatterers s
(ni)
α
(ni)
R (i = 1, 2) azimuth angle of arrival (AAoA) of the waves traveling from the effective scatterers s
(ni)
β
(ni)
T (i = 1, 2) elevation angle of departure (EAoD) of the waves that impinge on the effective scatterers s
(ni)
β
(ni)
R (i = 1, 2) elevation angle of arrival (EAoA) of the waves traveling from the effective scatterers s
(ni)
εTx−ni distances from the Tx to scatterers ni, (i = 1, 2, 3)
εn1−Rx distances from scatterers n1 to the Rx
ξp−n3 distances from the centre of Tx-sphere to scatterer n3
ξn3−q distances from scatterer n3 to the Rx
Table 6.2: Probable optical paths
Component Optical Path Distance
LoS TxL/R→Rx DLoSTR
1- SB1
2- SB2
3- SB3
TxL/R→n1→ Rx
TxL/R→n2→ Rx
TxL/R→n3→ Rx
εTx−n1 + εn1−Rx
εTx−n2+RR
εTx−n3+ ξn3−q
key geometry parameters of Fig. 6.3 and Fig. 6.4, as well as optical paths are presented
in Table 6.1 and Table 6.2, respectively.
Consequently, the total channel gain can be represented as a superposition of the op-
tical waves coming from direct direction, i.e., LoS and different directions determined
by the distribution of the local scatterers, as detailed in next subsections.
6.3.1 The LoS Link
Since we assumed that both LSH and RSH have an identical output light pattern,
i.e., Lambertian pattern, the detailed derivations for their contribution in the LoS link
will be presented here. In the proposed model, if the Tx and Rx are stationary, the
LoS component of the CIR is deterministic and it is proportional to the square of the
distance between the Tx and Rx (the inverse square law), the active area of the PD
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proposed 3D RS-GBSM for VVLC MISO channels.
Ar, the LoS Azimuth Angle of Departure (AAoD) α
LoS
T , and the LoS Azimuth Angle
of Arrival (AAoA) αLoSR . Therefore, equation (4.6) in [35] can be expressed as
hLoSL/R(t) =
(m+ 1) G(βR)T (βR)Ar
2pi(DLoSL/R)
2
cos(βLoST,L/R)
m
× cos(βLoSR,L/R) δ(t−
DLoSL/R
c
)
(6.7)
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where, DLoSL/R =
√
(δL/R)2 + ε2pq, δ(.) refers to the Dirac delta function, T (φR) is the
transmittance of an optical band-pass filter, G(φR) is the gain of a non-imaging con-
centrator, and c is speed of light. It should be mentioned that we further assumed
that both headlights and the PD are equipped at the same height, namely, 0.6 m.
Therefore, eq. (6.7) was written in terms of the LoS EAoD βLoST , and EAoA β
LoS
R .
On the other hand, if the Tx and Rx are moving in the same direction, (6.7) can be
rewritten as
hLoSL/R(t) =
(m+ 1) G(βR)T (βR)Ar
2pi(DLoSTR,L/R)
2
cos(βLoST,L/R)
m
× cos(βLoSR,L/R) δ(t−
DLoSTR,L/R
c
).
(6.8)
Here, DLoSTR,L/R determines the time-varying distance between the Txs and the target
Rx. Since the LSH and RSH are located at the same distance from the Rx, DLoSTR,L/R
can be referred as DTR and given as
DLoSTR (t) = εTR(t0)− [εTx(t)− εRx(t)], υTx > υRx. (6.9)
Here, εTR(t0), εTx(t), and εRx(t) are the initial Tx-Rx distance, the Tx distance at
the given speed after a specific time, and the target Rx distance at the given speed
after a specific time, respectively. If the Tx and Rx are moving with speeds υTx
and υRx in directions determined by the angles of motion γTx and γRx, respectively,
the distances εTx(t) and εRx(t), can be written as εTx(t) = υTx × t × cos(γTx) and
εRx(t) = υRx × t× cos(γRx), respectively.
6.3.2 Single-Bounce Link
The complexity of calculating the CIR grows exponentially with the number of re-
flections k [44]. Therefore, this work considers the CIR for only primary reflection.
Furthermore, unlike indoor VLCs, outdoor environment is a very complex and dy-
namic environment that can affect the optical wireless channel characteristics and
makes the power of the second reflection insignificant as demonstrated in chapter 5.
Hence, only the first reflection has been considered in this work. Furthermore, to
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reduce the complexity in terms of NLoS scenario, the mode number is assumed to
be 1.
6.3.2.1 SB Components in Tx-Sphere Model
In terms of the SB components of the CIR within the Tx-sphere model, h(t)
(1)
L/R
resulting from the LSH and RSH can be written as
h
(1)
L/R(t) = limN1→∞
N1∑
n1=1
G(βR)T (βR)Ar ρVehicles
pi(ε
(1)
L/R)
cos(α
(1)
T,L/R)
× cos(β(1)T,L/R) cos(α(1)R,L/R)
× cos(β(1)R,L/R) δ(t−
ε
(1)
L/R
c
).
(6.10)
Referring to Fig. 6.4, for the LSH, the distance ε
(1)
L in (6.10) can be written as
ε
(1)
L = εTx−n1 + εn1−Rx . (6.11)
The distance p−On1 (= Q1n1) can be written as Q1n1 = RT cos(βT,L). While the
distance On1 − q (= Q2n1) is given as
Q2n1 =
√
(Q1n1)
2 + 4f 2e − 4fe(Q1n1) cos(αT,L). (6.12)
Accordingly, and after mathematical manipulation, the distance between the LSH and
a scatterer, which is lying on the Tx-sphere can be written as
εTx−n1 = (R
2
T + δ
2
L − 2δLRT cos(φT,L)
× cos(βT,L) cos(θT,L − αT,L)
− 2δLRT sin(φT,L) sin(βT,L))0.5.
(6.13)
While the distance between the above scatterer and the Rx, i.e., q is εn1−Rx =
Q2n1/cos(βR,L).
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On the other hand, in terms of the RSH, the distance between the right headlight
and a scatterer, which is lying on the Tx-sphere, can be obtained by application of
trigonometry in triangles p−Q′ −On1 , Q′ − Tx′ − Sn1 , and Q′ − Tx′ −On1 to get
εTx′−n1 =
√
R2T + δ
2
R + A1−B1 (6.14)
where,
A1 = 2 RTδT sin(φT,R) sin(βT,R) (6.15)
and
B1 = 2 RTδT cos(φT,R) cos(βT,R) cos(θT,R − αT,R). (6.16)
Note that the azimuth/elevation angle of departure (AAoD/EAoD), (i.e., α
(1)
T,L/R,
β
(1)
T,L/R) and azimuth/elevation angle of arrival (AAoA/EAoA), (i.e., α
(1)
R,L/R, β
(1)
R,L/R),
are correlated for SB rays. Consequently, we can derive the relationship between the
AoDs and AoAs as
α
(1)
R,L/R = arcsin
(
RT cos(βT,L/R) sin(αT,L/R)√
(Q1n1)
2 + 4f 2e + 4fe(Q1n1)cos(αT,L/R)
)
(6.17)
and
β
(1)
R,L/R = arctan
(
RT sin(βT,L/R)√
(Q1n1)
2 + 4f 2e + 4fe(Q1n1)cos(αT,L/R)
)
. (6.18)
6.3.2.2 SB Components in Rx-Sphere Model
Regarding the SB components of the CIR within the Rx-sphere model, h(t)
(2)
L/R result-
ing from the LSH and RSH can be written as
h(t)
(2)
L/R = limN2→∞
N2∑
n2=1
G(βR)T (βR)Ar ρVehicles
pi(ε
(2)
L/R)
2
cos(αn2T,L/R)
× cos(βn2T,L/R) cos(αn2R,L/R) cos(βn2R,L/R)
× δ(t−
ε
(2)
L/R
c
).
(6.19)
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For the LSH, the distance ε
(2)
L in (6.19) is given as
ε
(2)
L = εTx−n2 + RR. (6.20)
In terms of optical path lengths within the Rx-sphere model, the distance p−On2
(= Q1n2) can be written as
Q1n2 =
√
4f 2e + (Q2n2)
2 − 4fe(Q2n2) cos(αR). (6.21)
Here, Q2n2 = RR cos(βR). Hence,
ξn2 =
√
Q12n2 +R
2
R sin
2(βR). (6.22)
The distance between the LSH and a scatterer, which is lying on the Rx-sphere εTx−n2 ,
can be found by applying Pythagoras’s theorem and the law of sines in appropriate
triangles to get
εTx−n2 =
√
A22 +B22. (6.23)
Here,
A2 = (δ2 cos2(φT) + (Q1n2)
2
− 2δ (Q1n2) cos(φT) cos(θT − αT))0.5
(6.24)
and
B2 = R2R sin
2(βR)− 2δRR sin(βR) sin(θT)
+ δ2 sin2(φT).
(6.25)
On the other hand, in terms of the RSH, the distance between the RSH and a scatterer
that lying on the Rx-sphere εTx′−n2 , can be written as
εTx′−n2 =
√
R2R sin
2(βR) + δ2 sin
2(φT) + A3 +B3. (6.26)
Here,
A3 = δ2 cos2(φT) +Q1
2
n2
+ 2δ Q1n2 cos(φT) cos(θT − αT)
(6.27)
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and
B3 = 2δRR sin(φT)cos(βR). (6.28)
Since AAoD/EAoD and AAoA/EAoA are correlated for SB rays in Rx-sphere model,
the relationship between the AoDs and AoAs can be expressed as
β
(2)
T,L/R = arcsin
(
RR sin(βR,L/R)√
(R2R + 4f
2
e + 4feRRC3
)
(6.29)
Here, C3 = cos(βR,L/R) cos(αR,L/R). While
α
(2)
T,L/R = arcsin
(
RR cos(βR,L/R) sin(αR,L/R)
Q1n2
)
. (6.30)
6.3.2.3 SB Components in Elliptic-Cylinder Model
In terms of the SB components of the CIR within the elliptic-cylinder model, h(t)
(3)
L/R
resulting from the LSH and RSH can be expressed as
h
(3)
L/R(t) = limN3→∞
N3∑
n3=1
G(βR)T (βR)Ar ρRoadside
pi(ε
(3)
L/R)
2
cos(αn3T,L/R)
× cos(βn3T,L/R) cos(αn3R,L/R) cos(βn3R,L/R)
× δ(t−
ε
(3)
L/R
c
).
(6.31)
Referring to Fig. 6.3, for the LSH, the distance ε
(3)
L in (6.31) can be written as
ε
(3)
L = εTx−n3 + εn3−q. (6.32)
The optical path lengths within the elliptic-cylinder model can be derived based on
pure elliptic-cylinder properties mentioned above. The distance p−On3 (= Q1n3) can
be written as
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Q1n3 =
√
(Q2n3)
2 + (D)2 − 2(Q2n3)(D) cos(αn3R,L). (6.33)
While the distance On3 − q (= Q2n3) is given as
Q2n3 = ξn3−q cos(β
n3
R,L). (6.34)
Based on elliptic-cylinder properties and after some manipulation we can get
ξn3−q =
2ae −Qn3
cos(βn3R,L)
(6.35)
and
ξp−n3 =
√
Q2n3 + (ξn3−q)
2 sin2(βn3R,L) (6.36)
where
Qn3 =
a2e + f
2
e + 2aefe cos(α
n3
R,L)
ae + fe cos(α
n3
R,L)
(6.37)
The distance between the LSH and a scatterer that lying on the elliptic-cylinder model
εTx−n3 , can be written as
εTx−n3 =
√
A42 +B42. (6.38)
Here,
A4 = Q12n3 − 2δ Q1n1 cos(φT) cos(θT − αT) (6.39)
and
B4 = δ2 + ξ2n3−q sin
2(βR)− 2δ ξn3−q
× sin(βR) sin(φT).
(6.40)
On the other hand, regarding the RSH, the distance between the RSH and a scatterer
that lying on the elliptic-cylinder model εTx′−n3 , can be written as
εTx′−n3 =
√
δ2 sin2(φT) + A5−B5. (6.41)
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Here,
A5 = D2 + ξ2n3−q − 2D ξn3−q cos(βR) cos(αR) (6.42)
and
B5 = 2Dδξn3−q sin(φT) cos(αR). (6.43)
Since the correlation between AAoD/EAoD and AAoA/EAoA is still valid in elliptic-
cylinder model, the relationship between the AAoAs and AAoDs can be expressed as
α
(3)
T,L/R = arcsin
(
ξn3−q sin(βR,L/R)
ξq−n3
)
(6.44)
While, the relationship between the EAoAs and EAoDs can be written as
β
(3)
T,L/R = arcsin
(
ξn3−q cos(βR,L/R) sin(αR,L/R)
Q1n3
)
. (6.45)
6.4 VVLC Channel Characteristics
6.4.1 VMF distribution
For the theoretical RS-GBSM, the number of scatterers tends to infinity. However, in
this study, only the discrete AAoD α
(ni)
T , EAoD β
(ni)
T , AAoA α
(ni)
R , and EAoA β
(ni)
R will
be considered. In order to jointly consider the impact of the azimuth and elevation
angles on channel statistics, VMF PDF has been used to characterise the distribution
of effective scatterers. The VMF distribution is commonly used to describe directional
data. It is parameterized by a mean direction and a concentration factor kc. VMF
PDF is defined as [149]
f(α, β) =
kc cos(β)
4pi sinh(kc)
ekc[cos(β0)cos(β)cos(α−α0)+sin(β0) sin(β]). (6.46)
Here, α ∈ (−pi, pi) and β ∈ (−pi/2, pi/2), while α0 ∈ (−pi, pi) and β0 ∈ (−pi/2, pi/2)
refer to the mean values of the azimuth angle α and elevation angle β, respectively,
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Figure 6.5: (a) The VMF distribution on the unit sphere in 3D and (b) VMF
PDF (α0 = 10
◦, β0 = 30◦, k = 30).
and kc (kc > 0) is a real-valued parameter that controls the concentration of the dis-
tribution relative to the mean direction that identified by α0 and β0. To demonstrate
the VMF on the unit sphere in 3D space, we set α0 = 10
◦, β0 = 2◦, and kc = 70
as an example and plot the scatterers (10000 points) that embedded in the 3D Eu-
clidean space to obtain the distribution that shown in Fig. 6.5(a). While Fig. 6.5(b)
illustrates the corresponding VMF PDF when α0 = 0
◦, β0 = 31.6◦, and kc = 3.6. Ac-
cording to the VMD, the larger the value of kc, the VMF PDF is more concentrated
towards the mean direction. Thus for kc → 0 the distribution is isotropic, while for
kc →∞ the distribution becomes extremely nonisotropic.
6.4.2 Channel DC Gain
Let us now consider that LSH and RSH are VVLC links with Lambertian sources,
a receiver with an optical band-pass filter of transmission T (βR) and a nonimaging
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concentrator of gain G(βR), the channel DC gain for the LoS links can be expressed as
H(0)LoSL/R =

T (βR)G(βR)Arcos(β
LoS
T,L/R
)cos(βLoS
R,L/R
)
pi(DLoS
TR,L/R
)2
0 < βR,L/R 6 ΨFoV
0 βR,L/R > ΨFoV.
(6.47)
Here, (m=1). On the other hand, in order to consider the joint effect of azimuth
and elevation angles on the optical wireless channel, we need to consider the gain of
all reflected paths by performing the double integral of VMF PDF, i.e., the volume
of 6.5(a). Therefore, channel DC gain of LSH and RSH in NLoS scenario can be
written as
H(0)SBL/R =

∫ pi/2
−pi/2
∫ pi/2
−pi/2 IL,R(α, β) hL,R(t) fL,R(α, β) dα dβ , 0 < βR,L/R 6 ΨFoV
0 , βR,L/R > ΨFoV.
(6.48)
It worth mentioning that we applied the same criteria that used in Section 4.3.
6.4.3 Noise Modelling
For outdoor VLC applications, the optical noise produces by background solar ra-
diation during the daytime and artificial light (i.e., streetlights, vehicles lights, and
advertising screens) at nighttime [138]. Optical noise is a decisive factor in determin-
ing link performance. The total noise at the Rx side is comprised of 1) the shot noise
σ2sh, which is induced by the received photocurrent, 2) background noise σ
2
b resulting
from the ambient light sources, 3) dark current noise σ2d, that caused by the reverse
leakage current which flows through the PD in the absence of light, and 4) thermal
noise σ2th, which is induced by the receiver’s electronics such as the resistive element.
Consequently, the total noise variance defined as [20]
σ2total = σ
2
sh + σ
2
b + σ
2
d + σ
2
th. (6.49)
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According to [20], the shot and thermal noise variances are given by
σ2sh = 2qRλPrBVLC + 2qIBI2BVLC (6.50)
and
σ2th =
8pikBTk
Gol
CPDArI2B
2
VLC +
16pi2kBTkΓFET
gm
CPDA
2
rI3B
3
VLC (6.51)
The other noise contributions in (6.49) can be obtained according to [20] (Equa-
tion 4.7). In this study, we have adopted IM/DD that employing on-off keying (OOK)
scheme. Therefore, the SNR at the receiver side is given as [20]
SNR =
(Rλ Pr)
2
σ2total
. (6.52)
6.5 Results and Analysis
In performing simulations, the key parameters for the proposed system model are
summarised in Table 6.3. The body of the vast majority of vehicles is made from steel.
Therefore, average painted steel reflectance ρVehicles will be considered. Likewise, for
the roadside environment, average concrete reflectance ρRoadside has been selected. The
most important VVLC channel characteristics have been studied in below subsections.
6.5.1 Received Optical Power
In this section, the received wireless optical power is analysed based the proposed
VLC MISO channel model parameters.
6.5.1.1 LoS components
In the proposed model we assume that the Tx and Rx are moving in the same direction.
Since the drivers try to keep the car centered in the current lane, we assume that the
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Table 6.3: Key parameters used in simulations.
Model Parameters
The initial Tx-Rx distance 70 m
Semi-major a & semi-minor b axes 40 m, 19 m
Tx speed υTx 21.6 km/h
Rx speed υRx 14.4 km/h
Sphere radius (RT, RR) 4 m
Lane width 3.5 m [140]
Roadside width 2.2 m [141]
Stopping distance (dSD) 6 m [150]
Vehicles reflectivity (ρVehicles) 0.8 [142]
Roadside reflectivity (ρRoadside) 0.4 [143]
Mode number (m) 1
PD Area 1 cm2
Luminous intensity (I) 8830 cd [144]
PD field of view ΨFoV 80
◦
Number of scatterers 100
Capacitance of PD per unit area (CPD) 112 pF/cm
2 [12]
Load resistance (Rs) 50 Ω [20]
Noise bandwidth factors I2 and I3 0.562 and 0.0868 [138]
FET channel noise factor (ΓFET) 1.5 [20]
Boltzmann’s constant (kB) 1.38× 10−23 J/K
Absolute temperature (Tk) 298 K
Electric charge (q) 1.6× 10−19 C
Open-loop voltage gain (Gol) 10 [138]
FET transconductance (gm) 30 mS [139]
VLC system bandwidth BVLC 20 MHz
Background noise current (IB) 5100 µA [12]
reference projection of the Tx vehicle is the lane centre as shown in Fig. 6.1. The target
vehicle Rx can be located either in the same lane or in an adjacent lane. The received
power will be determined firstly based on the Tx-Rx distance. The following main
parameters were chosen for our simulations. The initial distance (at t = 0) between
the Tx vehicle and Rx vehicle is 70 m and they are moving with speed of 6 m/s (21.6
km/h) and 4 m/s (14.4 km/h), respectively, in the same direction, i.e., γTx = γRx = 0
. Here, the headlight separation 2δ is 1.20 m [138]. Since the Tx vehicle is moving
faster than the target vehicle, we assumed that the stopping distance dSD is 6 m [150].
By considering above parameters and applying (6.8) and (6.9), the simulation results
are shown in Fig. 6.6. This figure illustrates the contribution of each headlight in
addition to the total received power, which is the sum of the LSH and RSH powers.
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Figure 6.6: Received power of LoS components vs. Tx-Rx distance (υTx =
21.6 km/h, υRx = 14.4 km/h, γT = γR = 0
◦, 2δ = 1.2 m, φT = 0◦, dSD = 6 m,
m=1).
It can be noticed that the received power depends on the Tx-Rx distance and this
behaviour becomes more pronounced when the Tx and Rx get closer to each other.
Secondly, since we considered the generalised Lambertian radiation pattern because
there is no available standard LEDs headlamp with measured beam pattern, here we
examine the effect of mode number m of Lambertian radiation pattern on the received
optical power. By taking in to account the total received power from both LSH and
RSH, it has been demonstrated that the received power increases as the mode number
increase as illustrated in Fig. 6.7. This is due to the fact that higher mode number
provides higher directionality of the optical source and hence more power will be
delivered.
6.5.1.2 The SB components
As we mentioned before, the VMF distribution is adopted in order to jointly consider
the impact of the azimuth and elevation angles on the channel characteristics. Since
no measurements available, the main parameters including the mean values of the
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Figure 6.7: Received power of LoS components vs. Tx-Rx distance (υTx =
21.6 km/h, υRx = 14.4 km/h, γT = γR = 0
◦, 2δ = 1.2 m, φT = 0◦, dSD = 6 m,
m=1, 3, 10, 20).
azimuth angles α
(i)
0 and elevation angles β
(i)
0 (i = 1, 2, 3), as well as the concentration
factor kc will be assumed for simulation purposes. Accordingly, the related propa-
gation distances can be determined by using the derived equations that presented in
Section 6.3. Here, we tried to make the assumptions as much as close to the reality.
Since the effective scatterers are distributed according to VMF distribution, we will
investigate and analyse the effect of VMD parameters on the received power, namely,
N (i), k
(i)
c , α(ni), and β(ni). For the simulation, the user must first choose adequate
values for the numbers of discrete scatterers N (i) [52]. Based on our own simulation
experiences, a reasonable value for N (i) can be 100. Furthermore, in order to select the
set of
{
α(ni), β(ni)
}Ni
ni=1
we used Method of Equal Volume (MEV), which is proposed
in [111] to determine discrete values for the azimuth and elevation angles around the
mean direction. In the following subsections, the effect of each parameter on the
received power is studied separately for each model.
6.5.1.2.1 Tx-Sphere Model
The received power is related to the concentration factor k
(i)
c , which is managing
the distribution of the scatterers according to VMF distribution. In this work, we
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Figure 6.8: Received power from LSH within Tx-sphere model (γT = γR = 0
◦,
δ = 0.6 m, φT = 0, α
(1)
0 = 10
◦, 30◦, 45◦ β(1)0 ,= 2
◦, kc = 3, 10, 30).
investigate the effect of k
(i)
c and the mean direction of the scatterers on the power
amount that can be received from LSH and RSH. Here, the mean direction of the
scatterers means, in other words, the position of a car on the adjacent lane. In reality,
vehicles are not aligned precisely with other surrounding vehicles that located in the
adjacent lanes. Hence, cars which are on the right side make different angles compared
with cars on the left side. In order to consider the cars on the left side and right sides,
two sets of mean angles have been defined,
{
α
(ni,L)
0 , β
(ni,L)
0
}
and
{
α
(ni,R)
0 , β
(ni,R)
0
}
,
respectively. Since VVLC technology still at a very early stage of research, there are
currently no available measurement data. Therefore, we tried to take in to account
the most reliable parameters which are as close to reality as possible. We set the value
of the elevation angle to 2◦ due to the fact that in urban environments, the majority
of cars will be saloon cars and hence the reflection from the surrounding cars will be
at almost the same plane. On the other hand, the azimuth angles have been set to
reliable values as α
(ni,L)
0 = α
(ni,R)
0 = 10
◦, 30◦, 45◦. The azimuth angles were chosen to
ensure that the most probable positions for the adjacent cars have been taken into
account. Furthermore, regarding k
(i)
c values, we followed the procedure that applied
in conventional RF V2V scenarios in [112], [111]. However, for VVLC, k
(i)
c have been
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Figure 6.9: Received power from LSH within Rx-sphere model (γT = γR = 0
◦,
δ = 0.6 m, φT = 0, α
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set to 3, 10, 30. The other parameters which are related to the proposed model are
listed in Table 6.3.
Since LSH and RSH present the same behaviour, here only powers which are generated
at LSH and reflected off the surrounding vehicles at the left side will be analysed. From
Fig. 6.8, it can be noticed that the higher kc results in higher received power since all
the scatterers are highly concentrated around the mean angles. On the other hand,
when the mean angles increase, the received power decrease. For instance, for kc = 30
the received power from the LSH that reflected off an obstacle located at the left side
at distance of 10 m is 1.16 × 10−6 W when the mean angle α(1)0 = 10◦. While the
received power is 3.4×10−7 W when α(1)0 = 45◦ for the same kc value. This is occurred
due to the fact that the light intensity falls off as the cosine of the observation angle
with respect to the surface normal of the LED and PD.
6.5.1.2.2 Rx-Sphere Model
In terms of Rx-sphere model, the FoV constraint of the PD is considered. Conse-
quently, the assumed mean angles, i.e., α
(2)
0 , and β
(2)
0 must be within PD’s FoV ΨFoV.
Simulation results of the received optical power are shown in Fig. 6.9. It has been
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found, firstly, that the received powers from the Rx-sphere model are less than their
equivalents in Tx-sphere model for different values of kc, α0, and β0. For example, at
kc = 30, α
(2)
0 = 10
◦, and β(2)0 = 2
◦, the received power from the Rx-sphere model is
1.4×10−7 W compared to 1.16×10−6 W from the Tx-sphere model for the same input
parameters. Secondly, it can be noticed that when kc = 10, the values of received
power are close to each other so that the difference is barely recognisable especially
when α
(2)
0 = 10
◦, and α(2)0 = 30
◦. This is due to the fact that as much as kc decreases,
there will be no dominant mean direction and hence more deviation about the surface
normal.
6.5.1.2.3 Elliptic-Cylinder Model
In terms of the elliptic-cylinder model, it is intuitive that less power will be received
compared with the two-sphere model. This is due to two main reasons, firstly, the
lower reflectivity ρRoadside of the roadside environments. Secondly, the longer optical
path lengths within the elliptic-cylinder model. In this case, the same behaviour which
is noticed in the Tx- and Rx-sphere appears here so that higher kc produces much
power at the PD. Fig. 6.10 illustrates the received optical power, which is transmitted
from LSH then reflected off the roadside environments to be detected by the PD.
It is worth mentioning that based on simulation results in Figs. 6.8, 6.9, and 6.10, it
has been noticed that increasing the number of kc would not affect the results. This
is due to the fact that at higher values of kc, VMF PDF is more concentrated and
hence the angular spread is insignificant.
6.5.2 SNR
Based on noise analysis in 6.4.3, the performance of each component can be anal-
ysed through the relationship between the SNR and Tx-Rx distance as illustrated in
F.g. 6.11. Here, only the assumption in which α
(i)
0 = 10
◦, β(i)0 = 2
◦, and kc = 30 have
been considered for all components. This is due to the fact that these components
carrying higher power compared with the others. It can be noticed from Fig. 6.11, that
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Figure 6.10: Received power from LSH within elliptic-cylinder model (γT = γR =
0◦, δ = 0.6 m, φT = 0, α
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Figure 6.11: SNR vs. Tx-Rx distance (α
(i)
0 = 10
◦, β(i)0 ,= 2
◦, kc = 30, i = 1, 2, 3).
SNR values decrease as the Tx-Rx distances increases and the difference in received
power according to each component is maintained.
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Figure 6.12: LoS received power comparison between the 3D and 2D models
(υTx = 21.6 km/h, υRx = 14.4 km/h, γT = γR = 0
◦, 2δ = 1.2 m, φT = 0◦, m=1).
6.5.3 Comparison Between 2D and 3D VVLC RS-GBSM
Regarding the proposed 3D RS-GBSM, it is worth to emphasize that when β(ni) =
0, (i = 1, 2, 3), the proposed 3D model will be reduced to a 2D two-ring and elliptic
model in [114]. In order to evaluate the impact of elevation angle on the received
power, Fig. 6.12 illustrates a comparison between the 3D and 2D models in terms of
the received power from LSH. Fig. 6.12 tells that compared with the 3D model, the
2D model overestimates the received power. The reason is that the 2D model assumes
that β(ni) has no contribution. Moreover, compared to the 2D model in [114], there
is an extra optical path length caused by considering the headlight separation 2δ.
6.6 Summary
As the VVLC applications are at a very early stage, in this chapter, a new 3D mo-
bile RS-GBSM for vehicular VLC MISO channels has been proposed. The proposed
model jointly considers the azimuth and elevation angles by using the VMF distri-
bution. VVLC channel characteristics have been examined through a large set of
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channel impulse responses generated by the proposed RS-GBSM. Simulation results
have shown that for the proposed model the azimuth angle has a significant impact
on received power due to the fact that the light intensity falls off as the cosine of the
observation angle with respect to the surface normal of the LED and PD. Moreover,
the impact of the scatterers’ concentrations has been studied. Finally, background
noise sources have been modelled and accordingly, system’s SNR has been evaluated.
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Accurate channel models that are able to mimic key characteristics of optical wireless
channels play an important role in designing and testing VLC systems. This thesis has
presented a wealth of comprehensive research on optical wireless channel modelling
and simulation for indoor and outdoor VLC applications. The novelty and importance
of this research have been introduced in details. In this concluding chapter, the key
findings of my Ph.D. research are summarised and several potential future research
directions are outlined.
7.1 Summary of Results
7.1.1 Indoor VLCs Channel Modelling
In Chapter 2 a comprehensive survey of channel measurement campaigns and models
for indoor OWCs, primarily in IR and visible light spectra, has been presented. It has
been shown that NDLoS link configuration can be considered as the most suitable link
configuration for VLC technology. On the other hand, NDNLoS is considered as the
main link design for WUVC and WIRC technologies. Based on our survey, it has been
identified that an appropriate channel model for VLC systems is currently missing in
the literature. Furthermore, it has been noted that most existing VLC channel models
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have extended from WIRC channel models, with the assumption that IR and visible
light bands have similar optical properties due to their contiguous wavelengths.
In Chapter 3, we have proposed a new 2D stationary one-ring single-bounce RS-GBSM
for VLC SISO Channels. In this model, both of the LoS and SB components have been
considered. The impact of the optical path length, AoD/AoA, and the position of
the PD on VLC channel characteristics has been studied considering IM/DD scheme.
Furthermore, it has been noted that VLC channels are highly correlated at the centre
of the environment and the correlation is decreasing gradually when moving away
towards the environment edges.
In Chapter 4, a new 2D stationary multiple-bounce RS-GBSM for VLC SISO channels
has been proposed. A two-ring and a confocal ellipse have been utilised in this model
in order to make it sufficiently generic and adaptable to a variety of indoor scenarios.
This is due to the fact that the proposed model has considered the three primary
reflections, i.e., SB, DB, and TB in addition to the LoS components. VLC channel
characteristics have been studied and analysed with respect to optical path length,
AoD/AoA, and the reflection coefficients of the scatterers. Moreover, the utility of
the proposed model compared with the existing models has been demonstrated.
7.1.2 Outdoor VLC Channel Modelling
VLC technology considers as an alternative and complementary to the RF wireless
communications, not only for indoor applications but could also be used for outdoor
applications. Therefore, the potential of using VLC technology in vehicular commu-
nications as part of ITS has been proposed lately. For the sake of a VVLC link design
and performance evaluation, detailed knowledge about the underlying propagation
channel and a corresponding realistic channel model are indispensable. Therefore,
VVLC channel modelling and characterising have been considered in Chapter 5 and
Chapter 6.
In Chapter 5, a new 2D mobile RS-GBSM for vehicular VLC SISO channels has been
proposed. The proposed model has considered SB and DB in addition to the LoS
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components. The results show that the received optical power highly depends on the
Tx-Rx distance, Rx height, and optical source pattern. For the SB components, it
has been demonstrated that the channel gain in dB and the RMS delay spread are
following Gaussian distribution. Finally, the results have indicated that the detected
optical power from the DB components is low enough to be overlooked.
In Chapter 6, we proposed a novel 3D mobile RS-GBSM for vehicular VLC MISO
channels. The proposed RS-GBSM combining two-sphere model and an elliptic-
cylinder model. Both LoS and SB components have been considered. The proposed
model has the ability to study the impact of the vehicular traffic on the received
optical power and jointly considers the azimuth and elevation angles by using VMF
distribution. The relationship between the communication range and the received op-
tical power has been investigated considering different scatterers’ concentrations kc.
In terms of noise analysis, all background noise sources have been modelled and hence
system’s SNR has been evaluated.
7.2 Future Research Directions
This section is devoted to discussing important future research directions that can
be considered as guidelines for conducting VLC channel measurement campaigns and
developing more realistic channel models. Future work includes developing our current
research and initiates new research directions as detailed below.
7.2.1 New Communication Scenarios
7.2.1.1 Underground Mining Communications (UMCs)
Most recently, VLCs have been introduced to UMCs landscape. Underground mine
environment is one of the world’s most hazardous environment since it is composed
of tunnels exhibiting risky properties due to the presence of dangerous toxic gas and
dust, as well as it is prone to collapse. It is worth mentioning that we have developed
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the recursive method to investigate stationary and mobile VLC SISO channel char-
acteristics in two different structures of underground mine environments, i.e., mining
roadway and mine working face [151], [152]. However, channel models for more com-
plex underground mining structures need to be developed taking into consideration
the reflection coefficients associated with mine floors, walls, and ceilings.
7.2.1.2 Underwater Wireless Communications (UWCs)
UWCs and Underwater Sensor Networks (UWSNs) have been growing steadily to-
wards utilising OWCs. For example, UOWCs enable the establishment of high-speed
and reliable links for underwater missions employing robotics or Autonomous Un-
derwater Vehicles (AUVs) [12]. Underwater wireless propagation channels can be
seriously affected by marine environments and severe attenuation which turns the un-
derwater wireless channel into one of the most complex and harsh wireless channels in
nature [153]. Therefore, channel measurements and models suitable for such hostile
environments are worthy being considered as a future research direction.
7.2.1.3 Aviation Environments
The aviation industry is another important area where OWCs can be applied. For
WIRC systems, the PL exponent and the standard deviation of shadowing have been
determined inside an aircraft cabin for specific scenarios [59]. However, channel mea-
surements and modelling in the visible light spectrum are still of prime importance.
This is due to the fact that VLC is a good candidate to connect the passengers to the
Internet of Aircraft Things (IoAT) in the modern era of the aviation.
7.2.1.4 Smart Toys Communications
Smart toy networks can be used at homes or entertainment theme parks [154]. They
utilize low-cost and energy-efficient LEDs operating in IR and visible light spectra to
create interactive communications for toy-to-toy, toy-to-smartphone/computer, and
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toy-to-environment. Such technology requires careful channel management in order
to keep communication towards the desired end devices or toys.
7.2.1.5 Optical Body Area Network (OBAN)
Transdermal optical communications have become a hot research topic recently due to
the rapidly growing usage of implantable medical devices (IMDs) [12], [155]. In order
to establish a communication link through a human body, the optical signal need to
penetrate the skin layers. However, human skin is a complex biological structure,
therefore, characterization of skin optical properties is an extremely challenging task.
7.2.2 VLC MIMO Channel Measurements and Models
MIMO VLC is a promising technology for future OWC networks. This technology has
been attracting researchers’ attention due to its promising capability of greatly im-
proving link reliability and high spectral efficiency (more bits/s/Hz) compared to IR
LAN [20]. A 2×2 MIMO VLC configuration was demonstrated in [156], while a 4×4
configuration was presented in [157]. In this context, it is worth pointing out that for
indoor VLC systems with NDLoS, the MIMO VLC channel matrix can be highly cor-
related because IM/DD has no phase information. Hence, strong correlation prevents
reliable decoding of the parallel channels at the receiver [158]. Therefore, reducing the
correlation of MIMO VLC channels and obtaining high spatial multiplexing gains are
still important topics that need to be addressed in indoor MIMO VLC. On the other
hand, in terms of outdoor VLCs, the proposed RS-GBSM for VVLC MISO can be
developed to consider MIMO scheme for VVLC channels. This is due to the fact that
more Txs and Rxs can be equipped at the front and rear ends of vehicles, respectively.
In the same context, more research directions need to be addressed such as weather
conditions impact, temperature, multipath interference, SNR, and achievable BER.
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7.2.3 Interference Measurements and Models
The SNR in (2.2) is used to evaluate link performance when disturbances are primarily
related to noise that generated by the ambient light sources (the sun, fluorescence, etc).
On the other hand, Signal to Interference Ratio (SIR) and Signal-to-Interference-plus-
Noise Ratio (SINR) are metrics of interest for evaluation of systems in the presence
of interference from neighboring transmitters. According to the central limit the-
orem, the interference should be normally distributed when there are no dominant
interferers [159]. However, the directionality in VLC systems often leads to scenarios
with dominant interferers. Furthermore, increasing the level of transmitting power
is not an option to improve SINR since eye safety regulations will limit the amount
of transmitting optical power. In terms of VLC link level, in [160] we have proposed
the Light-Cell (Li-Cell) concept, by which we can incorporate visible light spectrum
into the cellular system. The simulation results have shown that there is a significant
benefit of employing single Li-Cell at and beyond macro cell-edge in terms of per-user
average throughput. However, using more Li-Cell units requires an accurate interfer-
ence model for VLC networks. Hence, it is important to develop accurate interference
models in order to study the overall VLC system capacity, energy efficiency, and the
throughput.
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